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Ranking Possible Carcinogenic Hazards

BRUCE N. AMES,* RENAE MaGAw, Lois SWIrRskY GoLD

This review discusses reasons why animal cancer tests
cannot be used to predict absolute human risks. Such
tests, however, may be used to indicate that some chemi-
cals might be of greater concern than others. Possible
hazards to humans from a variety of rodent carcinogens
are ranked by an index that relates the potency of each
carcinogen in rodents to the exposure in humans. This
ranking suggests that carcinogenic hazards from current
levels of pesticide residues or water pollution are likely to
be of minimal concern relative to the background levels of
natural substances, though one cannot say whether these
natural exposures are likely to be of major or minor
importance.

cancer would, in principle, be preventable if the main risk
and antirisk factors could be identified (1). This is because
the incidence of specific types of cancer differs markedly in different
parts of the world where people have different life-styles. For
example, colon and breast cancer, which are among the major types
of cancer in the United States, are quite rare among Japanese in
Japan, but not among Japanese-Americans. Epidemiologists are
providing important clues about the specific causes of human
cancer, despite inherent methodological difficultics. They have
identified tobacco as an avoidable cause of about 30% of all U.S.
cancer deaths and of an even larger number of deaths from other
causes (1, 2). Less specifically, dietary factors, or their absence, have
been suggested in many studies to contribute to a substantal
proportion of cancer deaths, though the intertwined risk and
antirisk factors are being identfied only slowly (1, 3, 4). High fat
intake may be a major contributor to colon cancer, though the
evidence is not as definitive as that for the role of saturated fat in
heart disease or of tobacco in lung cancer. Alcoholic beverage
consumption, particularly by smokers, has been estimated to con-
tribute to about 3% of U.S. cancer deaths (1) and to an even larger
number of deaths from other causes. Progress in prevention has
been made for some occupational factors, such as asbestos, to which
workers used to be heavily exposed, with delaved effects thar still
contribute to abour 2% of U.S. cancer deaths (1, 5). Prevention may
also become possible for hormone-related cancers such as breast
cancer (1, 6), or virus-related cancers such as liver cancer (hepatins
B) and cancer of the cervix (papilloma virus HPV16) (1, 7).
Animal bioassays and in vitro studies are also providing clues as to
which carcinogens and muragens might be contributing to human
cancer. However, the evaluation of carcinogenicity in rodents is
expensive and the extrapolation to humans is difficult (8-11). We
will use the term “possible hazard™ for estimates based on rodent
cancer tests and “risk” for those based on human cancer data (10).
Extrapolation from the results of rodent cancer tests done at high
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doses to effects on humans exposed to low doses is routnely
attempted by regulatory agencies when formulating policies at-
tempting to prevent future cancer. There is lirtle sound scientific
basis for this type of extrapolation, in part due to our lack of
knowledge about mechanisms of cancer induction, and it is viewed
with great unease by many epidemiologists and toxicologists (5, 9—
11). Nevertheless, to be prudent in regulatory policy, and in the
absence of good human dara (almost always the case), some reliance
on animal cancer tests is unavoidable. The best use of them should
be made even though few, if any, of the main avoidable causes of
human cancer have typically been the types of man-made chemicals
that are being tested in animals (10). Human cancer may, in part,
involve agents such as hepatitis B virus, which causes chronic
inflammation; changes in hormonal status; deficiencies in normal
protective factors (such as selenium or B-carotene) against endoge-
nous carcinogens (12); lack of other anticarcinogens (such as dietary
fiber or calcium) (4); or dietary imbalances such as excess consump-
tion of fat (3, 4, 12) or salt (13).

There is a need for more balance in animal cancer testing to
emphasize the foregoing factors and natural chemicals as well as
synthetic chemicals (12). There is increasing evidence that our
normal diet conrtains many rodent carcinogens, all perfectly narural
or traditional (for example, from the cooking of food) (12), and that
no human dict can be entirely free of mutagens or agents that can be
carcinogenic in rodent systems. We need to identify the important
causes of human cancer among the vast number of minimal risks.
This requires knowledge of both the amounts of a substance to
which humans are exposed and its carcinogenic potency.

Animal cancer tests can be analyzed quantitatively to give an
estimate of the relative carcinogenic potencies of the chemicals
tested. We have previously published our Carcinogenic Potency
Database, which showed that rodent carcinogens vary in potency by
more than 10 millionfold (14).

This article attempts to achieve some perspective on the plethora
of possible hazards to humans from exposure to known rodent
carcinogens by establishing a scale of the possible hazards for the
amounts of various common carcinogens to which humans might be
chronically exposed. We view the value of our calculations not as
providing a basis for absolute human risk assessment, but as a guide
to priority setting. One problem with this type of analysis 1s that few
of the many natural chemicals we are exposed to in very large
amounts (relative to synthetic chemicals) have been tested in animals
for carcinogenicity. Thus, our knowledge of the background levels
of human exposure to animal carcinogens is fragmentary, biased in
favor of synthetic chemicals, and limited by our lack of knowledge of
human exposures.
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Ranking of Possible Carcinogenic Hazards

Since carcinogens differ enormously in potency, a comparison of
possible hazards from various carcinogens ingested by humans must
take this into account. The measure of potency that we have
developed, the TDsg, is the daily dose rate (in milligrams per
kilogram) to halve the percent of tumor-free animals by the end of a
standard lifetime (14). Since the TDsq (analogous to the LDs) is a
dose rate, the lower the TDsg value the more potent the carcinogen.
To calculate our index of possible hazard we express each human
exposure (daily lifetime dose in milligrams per kilogram) as a
percentage of the rodent TDsg dose (in milligrams per kilogram) for
cach carcinogen. We call this percentage HERP [Human Exposure
dose/Rodent Potency dose]. The TDsp values are taken from our
ongoing Carcinogenic Potency Database (currenty 3500 experi-
ments on 975 chemicals), which reports the TDjsq values estimated
from experiments in animals (/4). Human exposures have been
estimated from the literarure as indicated. As rodent dara are all
calculated on the basis of lifetime exposure at the indicated daily
dosc rate (14), the human exposure data are similarly expressed as
lifelong daily dose rates even though the human exposure is likely to
be less than daily for a lifenme.

It would be a mistake to use our HERP index as a direct estimate
of human hazard. First, at low dose rates human susceptibility may
differ systematically from rodent suscepribility. Second, the general
shape of the dose-response relationship is not known. A linear dose
response has been the dominant assumption in regulating carcino-
gens for many years, but this may not be correct. If the dose
responses are not linear but are actually quadratic or hockey-stick
shaped or show a threshold, then the actual hazard at low dose rates
might be much less than the HERP values would suggest. An
additional difficulty is that it may be necessary to deal with
carcinogens that differ in their mechanisms of action and thus in
their dose-response relationship. We have therefore put an asterisk
next to HERP values for carcinogens that do not appear to be active
through a genotoxic (DNA damaging or mutagenic) mechanism
(I5) so that comparisons can be made within the genotoxic or
nongenotoxic classes.

Table 1 presents our HERP calculations of possible cancer
hazards in order to compare them within several categories so that,
for example, pollutants of possible concern can be compared to
natural carcinogens in the diet. A convenient reference point is the
possible hazard from the carcinogen chloroform in a liter of average
(U.S.) chlorinated tap water, which is close to a HERP of 0.001%.
Chloroform is a by-product of water chlorination, which protects us
from pathogenic viruses and bacrteria.

Contaminated water. The possible hazards from carcinogens in
contaminated well water [for example, Santa Clara (“Silicon”)
Valley, California, or Woburn, Massachusetts] should be compared
to the possible hazard of ordinary tap water (Table 1). Of 35 wells
shut down in Santa Clara Valley because of their supposed carcino-
genic hazard, only two have HERDP values greater than ordinary tap
water. Well warter is not usually chlorinated and typically lacks the
chloroform present in chlorinated tap water. Water from the most
polluted well (HERP = 0.004% per liter for trichlorocthvlene), as
indicated in Table 1, has a HERD value orders of magnitude less
than for the carcinogens in an equal volume of cola, beer, or wine.
Its HERP value is also much lower than that of many of"the
common natural foods that are listed in Table 1, such as the average
peanut burter sandwich. Caveats for any comparisons are given
below. Since the consumption of tap water is only about 1 or 2 liters
per day, the animal evidence provides no good reason to expect that
chlorination of water or current levels of man-made pollution of
water pose a significant carcinogenic hazard.
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Pesticide residues. Intake of man-made pesticide residues from fooa
in the United Srtates, including residues of industrial chemicals such
as polvchlorinated biphenyls (PCBs), averages abour 150 pg/day.
Most (105 pg) of this intake is composed of three chemicals
(ethylhexyl diphenyl phosphate, malathion, and chlorpropham)”
shown to be noncarcinogenic in tests in rodents (16). A carcinogen-
ic pesticide residue in food of possible concern is DDE, the principal
metabolite (>90%) of DDT (16). The average U.S. daily intake of
DDE from DDT (HERP = 0.0003%) is equivalent to the HERP
of the chloroform in one glass of tap warter and thus appears to be
insignificant compared to the background of natural carcinogens in
our diet (Table 1). Even daily consumption of 100 times the average
intake of DDE/DDT or PCBs would produce a possible hazard that
is small compared to other common exposures shown in Table 1.

Nature’s pesticides. We are ingesting in our diet ar least 10,000
times more by weight of natural pesticides than of man-made
pesticide residues (12). These are natural “roxic chemicals” that have
an enormous variety of chemical structures, appear to be present in
all plants, and serve to protect plants against fungi, insccts, and
animal predators (12). Though only a few are present in each plant
species, they commonly make up 5 to 10% of the plant’s dry weight
(12). There has been relatively little interest in the toxicology or
carcinogenicity of these compounds until quite recently, although
they arc by far the main source of “toxic chemicals” mzcsrcd by
humans. Only a few dozen of the thousands present in the human
diet have been tested in animal bioassays, and only some of thesc
tests are adequate for estimating potency in rodents (14). A sizable
proportion of those that have been tested are carcmogcns and many
others have been shown to be mutagens ( (12), so 1t is probable that
many more will be found to be carcinogens if tested. Those shown
in Table 1 are: estragole (HERP = 0.1% for a daily 1 g of dried
basil), safrole (HERDP = 0.2% for a daily natural root beer), sym-
phytine (a pyrrolizidine alkaloid, 0.03% for a daily cup of comfrey
tea), comfrey tablets sold in health food stores (6.2% for a daily
dose), hvdrazines in mushrooms (0.1% for one daily raw mush-
room), and allyl isothiocyanate (0.07% for a daily 5 g of brown
mustard).

Plants commonly produce very much larger amounts of their
narural roxins when damaged by insects or fungi (12). For example,
psoralens, light-activated carcinogens in celery, increase 100-fold
when the plants are damaged by mold and, in fact, can cause an
occupational disease in celery-pickers and in produce-checkers at
supermarkets (12, 17).

Molds synthesize a wide variety of toxins, apparently as antibiotics
in the microbiological struggle for survival: over 300 mycotoxins
have been described (18). They are common pollutants of human
food, particularly in the tropics. A considerable percentage of those
tested have been shown to be mutagens and carcinogens: some, such
as aflatoxin and sterigmatocystin, are among the most potent known
rodent carcinogens. The potency of aflatoxin in different species
varies widely; thus, a bias may exist as the HERD uses the most
sensitive species. The aflatoxin content of U.S. peanut butter
averages 2 ppb which corresponds to a HERP of 0.03% for the
peanut burter in an average sandwich (Table 1). The Food and Drug
Administration (FDA) allows ten times this level (HERP = 0.3%),
and certain foods can often exceed the allowable limit (18). Afla-
toxin contaminates wheat, corn (perhaps the main source of dictary
aflatoxin in the United States), and nuts, as well as a wide variery of
stored carbohydrate foodstuffs. A carcinogenic, though less porent,
merabolite of aflaroxin is found in milk trom cows that eat moldy
grain.

There is epidemiologic evidence that aflatoxin is a human carcino-
gen. High intake in the tropics is associated with a high rate of liver
cancer, at least among those chronically infected with the hepatitis B
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virus (19, 20). Considering the potency of those mold toxins that
have been tested and the widespread contamination of food with
molds, they may represent the most significant carcinogenic pollu-
tion of the food supply in developing countries. Such pollution is
much less severe in industrialized countries, due to refrigeration and

Table 1. Ranking possible carcinogenic hazards. Potency of carci

modern techniques of agriculture and storage, including use of
synthetic pesticides and fumigants.

Preparation of foods and beverages can also produce carcinogens.
Alcohol has been shown to be a human carcinogen in numerous
epidemiologic studies (I, 21). Both alcohol and acetaldehyde, its

ens: A number in parentheses indicates a TD value not used in HERP calculation because

it is the less sensitive species; (—) = negative in cancer test. (+) = positive for carcinogenicity in test(s) not suitable for calculating a TDsq; (2) = is not
adequately tested for carcinogenicity. TDsp values shown are averages calculated by taking the harmonic mean of the TD«’s of the positive tests in that species
from the Carcinogenic Potency Databasc. Results arc similar if the lowest TDsp value (most potent) is used instead. For cach test the target site with the low-

est TDp value has been used. The average TDs, has been calculated separatel
sible hazard. The database, with references to the source of the cancer tests,

y for rats and mice, and the more sensitive species is used for calculating the pos-
is complete for tests published through 1984 and for the National Toxicology

Program bioassays through June 1986 (14). We have not indicated the route of exposure or target sites or other particulars of each test, although these are re-
ported in the database. Daily human exposure: We have tried to usc average or reasonable daily intakes to facilitate comparisons. In several cases, such as
contaminated well water or factory exposure to EDB, this is difficult to determine, and we give the value for the worst found and indicate pertinent
information in the References and Notes. The calculations assume a daily dose for a liferime; where drugs are normally taken for only a short period we have
bracketed the HERP value. For inhalation exposures we assume an inhalation of 9,600 liters per 8 hours for the workplace and 10,300 liters per 14 hours for
indoor air at home. Possible hazard: The amount of rodent carcinogen indicated under carcinogen dose is divided by 70 kg to give a milligram per kilogram of
human exposure, and this human dose is given as the percentage of the TDso dose in the rodent (in milligrams per kilogram) to calculate the Human

Exposurc/Rodent Potency index (HERP).

Possible

Potency of carcinogen:

s g e R
HERP (%) po R Racs Mice
Environmental pollution
0.001* Tap warer, 1 liter Chloroform, 83 pg (U.S. average) (119) 90 96
0.004* Well water, 1 liter contaminated Trichlorocthylene, 2800 pg (<) 941 97
(worst well in Silicon Valley)
0.0004* Well water, 1 liter contaminated, Wobum Trichlorocthylene, 267 pg (-) 941 28
0.0002* Chloroform, 12 pg (119) 90
0.0003* Tetrachlorocthylene, 21 pg 101 (126)
0.008* Swimming pool, 1 hour (for child) Chloroform, 250 pg (average pool) (119) 90 99
0.6 Conventional home air (14 hour/day) Formaldchyde, 598 pg 1.5 (44) 100
0.004 Benzene, 155 pg (157) 53
2.1 Mobile home air (14 hour/day) Formaldehyde, 2.2 mg 15 (44) 28
Pesticide and other residues
0.0002+ PCBs: daily dietary intake PCBs, 0.2 pg (U.S. average) 1.7 (9.6) 101
0.0003* DDE/DDT: daily dietary intake DDE, 2.2 pg (U.S. average) (=) 13 16
0.0004 EDB: daily dietary intake Ethylene dibromide, 0.42 pg 1.5 (5.1) 102
(from grains and grain products) (U.S. average)
Natural pesticides and dictary roxins
0.003 Bacon, cooked (100 g) Dimethylnitrosamine, 0.3 pg (0.2) 0.2 40
0.006 Dicthylnitrosamine, 0.1 pg 0.02 (+)
0.003 Sake (250 ml) Urethane, 43 pg (41) 22 24
0.03 Comtrey herb tea, 1 cup Symphytine, 38 pg 19 ) 103
(750 pg of pyrrolizidine alkaloids)
0.03 Peanur burter (32 g; one sandwich) Aflaroxin, 64 ng (U.S. average, 2 ppb) 0.003 (+) 18
0.06 Dried squid, broiled in gas oven (54 g) Dimethylnitrosamine, 7.9 pg (0.2) 0.2 37
0.07 Brown mustard (5 g) Allyl isothiocvanate, 4.6 mg 96 (=) 47
0.1 Basil (1 g of dried leaf) Estragole, 3.8 mg () 52 48
0.1 Mushroom, one raw (15 g) (Agaricus bisporus) Mixrure of hydrazines, and so forth () 20,300 104
0.2 Narural root beer (12 ounces; 354 ml) Safrole, 6.6 mg (436) 56 105
(now banned)
0.008 Beer, before 1979 (12 ounces; 354 ml) Dimethylnitrosamine, 1 pg (0.2) 0.2 38
2.8 Beer (12 ounces; 354 ml) Ethyl alcohol, 18 ml 9110 () 23
4.7+ Wine (250 ml) Ethyl alcohol, 30 ml 9110 (?) 23
6.2 Comfrev-pepsin tablets (nine daily) Comfrey root, 2700 mg 626 (2) 103
1:3 Comfrey-pepsin tablets (nine daily) Symphytine, 1.8 mg 1.9 (?)
Food additives
0.0002 AF-2: daily dietarv intake before banning AF-2 (furylfuramide), 4.8 pg 29 (131) e
0.06* Diet Cola (12 ounces; 354 ml) Saccharin, 95 mg 2143 (=) 106
Drugs -
[0.3] Phenacerin pill (average dose) Phenacetin, 300 m 1246 (2137) 5]
[5.6] Metromidazole (therapeutic dose) Metronidazole, 2000 mg (542) 506 107
[14] Isontazid pill (prophylactic dosc) Isoniazid, 300 mg (150) 30 108
l6* Phenobarbital, one sleeping pill Phenobarbital, 60 mg (+) 5.5 50
s Clofibrate (average daily dosc) Clofibrate, 2000 mg 169 &) 52
Occupational exposure
5.8 Formaldehyde: Workers’ average daily intake Formaldehvde, 6.1 mg 1.5 (44) 109
140 EDB: Workers’ daily intake (high exposure) Ethylene dibromide, 150 mg 1.5 (5.1) 55

*Astenisks indicate HERD from carcinogens thought to be nongenotoxic.
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major metabolite, are carcinogens in rats (22, 23). The carcinogenic
potency of cthyl alcohol in rats is remarkably low (23), and It is
among the weakest carcinogens in our database. However, human
intake of alcohol is very high (about 18 g per beer), so that the
possible hazards shown in Table 1 for beer and wine are large
(HERP = 2.8% for 2 daily becr). The possible hazard of alcohol is
enormous relative to that from the intake of synthetic chemical
residues. If alcohol (20), trichloroethylene, DDT, and other pre-
sumptive nongenotoxic carcinogens are active at high doses because
they are rumor promoters, the risk from low doses may be minimal.

Other carcinogens are present in beverages and prepared foods.
Urethane (ethyl carbamare), a particularly well-studied rodent car-
cinogen, is formed from ethyl alcohol and carbamyl phosphate
during a variety of fermentations and is present in Japanese sake
(HERP = 0.003%), many types of wine and beer, and in smaller
amounts in vogurt and bread (24). Another fermentation product,
the dicarbonyl aldehyde methylglyoxal, is a potent mutagen and was
isolated as the main mutagen in coffee (about 250 pg in one cup). It
was recently shown to be a carcinogen, though not in a test suitable
for calculating a TDso (25). Methylglyoxal is also present in a variety
of other foods, such as tomato puree (25, 26). Diaceryl (2,3-
butanedione), a closely related dicarbonyl compound, is a fermenta-
tion product in wine and a number of other foods and is responsible
for the aroma of burrer. Diaceryl is a mutagen (27) but has not been
tested for carcinogenicity.

Formaldehyde, another narural carcinogenic and murtagenic alde-
hyde, is also present in many common foods (22, 26-28). Formalde-
hvde gas caused cancer only in the nasal rurbinates of the nose-
breathing rodents and even though formaldehyde is genotoxic, the
dose response was nonlinear (28, 29). Hexamethyleneterramine,
which decomposes to formaldehyde in the stomach, was negative in
feeding studies (30). The cffects of oral versus inhalation exposure
for formaldehyde remain to be evaluated more thoroughly.

As formaldehyde is almost ubiquitous in foods, one can visualize
various formaldehyde-rich scenarios. Daily consumption of shrimp
(HERP = 0.09% per 100 g) (31), a sandwich (HERP of two slices
of bread = 0.4%) (22), a cola (HERDP = 2.7%) (32), and a beer
(HERP = 0.2%) (32) in various combinations could provide as
much formaldehyde as living in some mobile homes
(HERP = 2.1%; Table 1). Formaldehyde is also generated in
animals merabolically, for example, from methoxy compounds that
humans ingest in considerable amounts from plants. The level of
formaldehyde reported in normal human blood is strikingly high
(about 100 pM or 3000 ppb) (33) suggesting that detoxification
mechanisms are important.

The cooking of food generates a variety of mutagens and carcino-
gens. Nine heterocyclic amines, isolated on the basis of their
murtagenicity from proteins or amino acids that were heated in ways
that occur in cooking, have now been tested; all have been shown to
be potent carcinogens in rodents (34). Many others are sull being
isolated and characterized (34). An approximare HERD of 0.02%
has been calculated by Sugimura et al. for the daily intake of these
nine carcinogens (34). Three mutagenic nitropyrenes present in
diesel exhaust have now been shown to be carcinogens (35), bur the
intake of these carcinogenic nitropyrenes has been estimated to be
much higher from grilled chicken than from air pollution (34, 36).
The toral amount of browried and burnt material eaten in a typical
day is at least several hundred times more than that inhaled from
severe air pollution (12).

Gas flames generate NO,, which can form both the carcinogenic
nitropvrenes (35, 36) and the potently carcinogenic nitrosamines in
food cooked in gas ovens, such as fish or squid (HERP = 0.06%;
Table 1) (37). We suspect that food cooked in gas ovens may be a
major source of dietary nitrosamines and nitropyrenes, though it is
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not clear how significant a risk these pose. Nitrosamines were
ubiquitous in beer and ale (HERP = 0.008%) and were formed
from NO, in the gas flame—heated air used to dry the malt.
However, the industry has switched to indirect heating, which
resulted in markedly lower levels (<1 ppb) of dimethylnitrosamine -
(38). The dimethylnitrosamine found in human urine is thought to
be formed in part from NO; inhaled from kitchen air (39). Cooked
bacon contains several nitrosamines (HERP = 0.009%) (40).

Oxidation of fats and vegetable oils occurs during cooking and also
spontaneously if antioxidant levels are low. The result is the
formation of peroxides, epoxides, and aldchydes, all of which appear
to be rodent carcinogens (8, 12, 27). Fatry acid hydroperoxides
(present in oxidized oils) and cholesterol cpoxide have been shown
to be rodent carcinogens (though not in tests suitable for calculating
a TDsp). Dried eggs contain about 25 ppm of cholesterol epoxide (a
sizable amount), a result of the oxidation of cholesterol by the NO;
in the drving air that is warmed by gas flames (12).

Normal oxidation reactions in fruit (such as browning in a cut
apple) also involve production of peroxides. Hydrogen peroxide is a
mutagenic rodent carcinogen that is generated by oxidation of
natural phenolic compounds that are quite widespread in edible
plants. A cup of coffee contains about 750 pg of hydrogen peroxide
(25); however, since hydrogen peroxide is a very weak carcinogen
(similar in potency to alcohol), the HERP for drinking a daily cup
of coffee would be very low [comparable to DDE/DDT, PCBs, or
ethylene dibromide (EDB) dietary intakes). Hydrogen peroxide is
also generated in our normal metabolism; human blood contains
about 5 M hydrogen peroxide and 0.3 pM of the cholesterol ester
of farry acid hvdroperoxide (41). Endogenous oxidants such as
hydrogen peroxide may make a major contribution to cancer and
aging (42).

Caloric intake, which could be considered the most striking rodent
carcinogen ever discovered, is discussed remarkably lirtle in relation
to human cancer. It has been known for about 40 vears that
increasing the food intake in rats and mice by aboutr 20% above
optimal causes a remarkable decrease in longevity and a striking
increase in endocrine and mammary tumors (43). In humans,
obesity (associated with high caloric intake) leads to increased levels
of circulating estrogens, a significant cause of endometrial and gall
bladder cancer. The effects of moderate obesity on other types of
human cancer are less clear (1).

Food additives are currently screened for carcinogenicity before use
if thev are svntheric compounds. AF-2 (HERD = 0.0002%), a
food preservative, was banned 1n Japan (44). Saccharin
(HERP = 0.06%) is currently used in the United States (the dose-
response in rarts, however, is clearly sublinear) (45). The possible
hazard of diethylstilbestrol residues in meat from treated farm
animals seems miniscule relative to endogenous estrogenic hor-
mones and plant estrogens (46). Some natural carcinogens are also
widely used as addirives, such as allyl isothiocyanate (47), estragole
(48), and alcohol (23).

Air pollution. A person inhales about 20,000 liters of air in a day;
thus, even modest contamination of the atmosphere can result in
inhalation of appreciable doses of a pollutant. This can be seen
in the possible hazard in mobile homes from formaldchvde
(HERD = 2.1%) or in conventional homes from formaldehvde
(HERP = 0.6%) or benzene (HERP = 0.004%; Table 1). Indoor
air pollution is, in general, worse than outdoor air pollution, partly
because of cigarette smoke. The most important indoor air pollutant
may be radon gas. Radon is a natural radioactive gas that is present
in the soil, gets trapped in houses, and gives rise to radioactive decay
products that are known to be carcinogenic for humans (49). It has
been estimated that in 1 million homes in the United States the level
of exposure to products of radon decay may be higher than that
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received by today’s uranium miners. Two particularly contaminated
houses were found that had a risk estimated to be equivalent to
receiving about 1200 chest x-rays a day (49). Approximately 10% of
the lung cancer in the United States has been tentatively attributed
to radon pollution in houses (49). Many of these cancers might be
preventable since the most hazardous houses can be identified and
modified to minimize radon contamination.

General outdoor air pollution appears to be a small risk relative to
the pollution inhaled by a smoker: one must breathe Los Angeles
smog for a year to inhale the same amount of burnt material that a
smoker (two packs) inhales in a day (12), though air pollution is
inhaled starting from birth. It is difficult to determine cancer risk
from outdoor air pollution since epidemiologists must accurately
control for smoking and radon.

Some common drugs shown in Table 1 give fairly high HERP
percentages, primarily because the dose ingested is high. However,
since most medicinal drugs are used for only short periods while the
HERP index is a daily dose rate for a lifetime, the possible hazard
would usually be markedly less. We emphasize this in Table 1 by
bracketing the numbers for these shorter exposures. Phenobarbiral
(HERP = 16%) was investigated thoroughly in humans who had
taken it for decades, and there was no convincing evidence that it
caused cancer (50). There is evidence of increased renal cancer in
long-term human ingestion of phenacetin, an analgesic (51). Acet-
aminophen, a metabolite of phenacetin, is one of the most widely
used over-the-counter pain killers. Clofibrate (HERP = 17%) is
used as a hypolipidemic agent and is thought to be carcinogenic in
rodents because it induces hydrogen peroxide production through
peroxisome proliferation (52).

Occupational exposures can be remarkably high, particularly for
volatile carcinogens, because abour 10,000 liters of air are inhaled in
a working day. For formaldehyde, the exposure to an average
worker (HERP = 5.8%) is higher than most dietary intakes. For a
number of volatile industrial carcinogens, the ratio of the permitted
exposure limit [U.S. Occupational Safety and Health Administra-
ton (OSHA)] in milligrams per kilogram to the TDs has been
calculared; several are close to the TDsg in rodents and about two-
thirds have permitted HERP values >1% (53). The possible hazard
estimated for the actual exposure levels of the most heavily exposed
EDB workers is remarkably high, HERP = 140% (Table 1).
Though the dose mav have been somewhar overestimared (54), it
was still comparable to the dose causing cancer in half the rodents.
An epidemiologic study of these heavily exposed EDB workers who
inhaled EDB tor over a decade did not show any increase in cancer,
though because of the limited duration of exposure and the
relatively small numbers of people monitored the study would not
have detected a small effect (54, 55). OSHA still permits exposures
above the TDsq level. California, however, lowered the permitted
level over 100-fold in 1981. In contrast with these heavy workplace
exposures, the Environmental Protection Agency (EPA) has banned
the use of EDB for fumigation because of the residue levels found in
grain (HERP = 0.0004%).

Uncertainties in Relying on Animal Cancer
Tests for Human Prediction

Species variation. Though we list a possible hazard if a chemical is a
carcinogen in a rat but not in a mouse (or vice versa), this lack of
agreement raises the possibility that the risk to humans is nonexis-
tent. Of 392 chemucals in our database tested in both rats and mice,
226 were carcinogens in at least one test, but 96 of these were
positive in the mouse and negative in the rat or vice versa (56). This
discordance occurs despite the fact that rats and mice are very closely
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related and have short life-spans. Qualitative extrapolation of cancer
risks from rats or mice to humans, a very dissimilar long-lived specics,
is unlikely to be as reliable. Conversely, important human carcinogens
may not be derected in standard rtests in rodents; this was true for a
long tme for both tobacco smoke and alcohol, the two largest
identified causes of neoplastic death in the United States.

For many of the chemicals considered rodent carcinogens, there
may be ncgative as well as positive tests. It is difficult to deal with
negative results satsfactorily for several reasons, including the fact
that some chemicals are tested only once or twice, while others are
tested many times. The HERP index ignores negative tests. Where
there is species variation in potency, use of the more sensitive
species, as is generally done and as is done here, could introduce a
tendency to overestimate possible hazards; however, for most
chemicals thar are positive in both species, the potency is similar in
rats and mice (57). The HERP may provide a rough correlate of
human hazard from chemical exposure; however, for a given
chemical, to the extent that the potency in humans differs from the
potency in rodents, the relative hazard would be different.

Quantitative uncertainties. Quanttative extrapolation from ro-
dents to humans, particularly at low doses, is guesswork that we
have no way of validating (1, 3, 10, 11, 58). It is guesswork because
of lack of knowledge in ar least six major areas: (i) the basic
mechanisms of carcinogenicity; (ii) the relation of cancer, aging, and
life-span (1, 10, 42, 59); (iii) the uming and order of the steps in the
carcinogenic process that are being accelerated; (iv) species differ-
ences in metabolism and pharmacokinetics; (v) species differences in
anticarcinogens and other defenses (I, 60); and (vi) human hetero-
geneity—for example, pigmentation affects suscepribility to skin
cancer from ultravioler light. These sources of uncertainty are so
numerous, and so substantial, that only empirical data will resolve
them, and little of this is available.

Uncertaimties due to mechanism in multistage carcinggenesis. Several
steps (stages) are involved in chemical carcinogenesis, and the dose-
response curve for a carcinogen might depend on the particular
stage(s) it accelerates (58), with multiplicative effects if several stages
are affected. This multiplicative effect is consistent with the observa-
tion in human cancer that synergistic effects are common. The three
steps of carcinogenesis that have been analvzed in most detail are
initadon (mutaton), promoton, and progression, and we discuss
these as an aid to understanding aspects of the dose-response relation.

Muration (or DNA damage) as one stage of the carcinogenic
process is supported by various lines of evidence: association of
active forms of carcinogens with mutagens (61), the changes in
DNA sequence of oncogenes (62), genetic predisposition to cancer
in human diseases such as retinoblastoma (63) or DNA-repair
deficiency diseases such as xeroderma pigmentosum (64). The idea
thar genotoxic carcinogens might show a linear dose-response might
be plausible if only the mutation step of carcinogenesis was acceler-
ated and if the induction of repair and defense enzymes were not
significant factors (65).

Promotion, another step in carcinogenesis, appears to involve cell
proliferation, or perhaps particular types of cell proliferation (66),
and dose-response relations with apparent thresholds, as indicated
by various lines of evidence: (1) The work of Trosko et al. (67) on
promotion of carcinogenesis due to interference with cell-cell com-
munication, causing cell proliferation. (i) Rajewsky’s and other
work indicating initiation by some carcinogenic agents appears to
require proliferatng target cells (68). (iii) The work of Farber er al,
(69) on liver carcinogenesis supports the idea that cell proliferation
(caused by partial hepatectomy or cell killing) can be an important
aspect of hepatocarcinogenesis. They have also shown for several
chemicals that heparic cell killing shows a roxic threshold with dose.
(iv) Work on carcinogenesis in the pancreas, bladder and stomach
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(70), and other tissues (58) is also consistent with results on the liver
(71, 72) though the effect of cell proliferation might be different in
tissues that normally proliferate. (v) The work of Mirsalis et al. (71)
suggests that a variety of nongenotoxic agents are hepatocarcino-
gens in the B6C3F1 mouse (commonly used in cancer tests) because
of their toxicity. Other studies on chloroform and trichlorocthylene
also support this interpretation (72, 73). Cell proliferation resulting
from the cell killing in the mouse liver shows a threshold with dose
(71). Also relevant is the extraordinarily high spontaneous rates of
liver tumors (21% carcinomas, 10% adenomas) in the male B6C3F1
mouse (74). These spontaneous tumors have a mutant ras oncogene,
and thus the livers in these mice appear to be highly initiated
(mutated) to start with (75). (vi) Oncogenes: As Weinberg (62) has
pointed out, “Oncogene-bearing cells surrounded by normal neigh-
bors do not grow into a large mass if they carry only a single
oncogene. But if the normal neighbors are removed . . . by killing
them with a cytotoxic drug...then a single oncogene often
suffices.” (vii) Cell killing, as well as mutation, appears to be an
important aspect of radiation carcinogenesis (76).

Promotion has also been linked to the production of oxygen
radicals, such as from phagocytic cells (77). Since chronic cell killing
would usually involve inflammatory reactions caused by neutrophils,
one would commonly expect chemicals tested at the maximally
tolerated dose (MTD) to be promoters because of the chronic
inflammation.

Progression, another step in carcinogenesis, leading to selection
for invasiveness and metastases, is not well understood but can be
accelerated by oxygen radicals (78).

Chronic cell toxicity caused by dosing at the MTD in rodent
cancer bioassays thus not only could cause inflammation and cell
proliferation, bur also should be somewhat mutagenic and clasto-
genic to neighboring cells because of the release of oxvgen radicals
from phagocytosis (12, 79, 80). The respiratory burst from phago-
cvtic neutrophils releases the same oxidative mutagens produced by
radiation (77, 79). Thus, animal cancer tests done at the MTD of a
chemical might commonly stimulate all three steps in carcinogenesis
and be positive because the chemical caused chronic cell killing and
inflammation with some muragenesis. Some of the considerable
human evidence for chronic inflammation contributing to carcino-
genesis and also some evidence for and against a general effect of
inflammation and cytoroxicity in rodent carcinogenesis have been
discussed (81).

Another set of observations may also bear on the question of
toxicity and extrapolation. Wilson, Crouch, and Zeise (82) have
pointed out that among carcinogens one can predict the potency in
high-dose animal cancer experiments from the toxicity (the LDsg) of
the chemical, though one cannot predict whether the substance is a
carcinogen. We have shown that carcinogenic potency values are
bounded by the MTD (57). The evidence from our database
suggests that the relationship berween TDso and MTD has a
biological as well as a staristical basis (57). We postulate that a just
sublethal level of a carcinogen causes cell death, which allows
neighboring cells to proliferate, and also causes oxygen radical
production from phagocytosis and thus chronic inflammation, both
important aspects of the carcinogenic process (57). The generality of
this relationship and its basis needs further study.

If most animal cancer tests done at the MTD are partially
measuring cell killing and consequent cell proliferation and phago-
cytic oxygen radical damage as steps in the carcinogenic process, one
might predict that the dose-response curves would generally be
nonlinear. For those experiments in our database for which life table
dara (14) were available, a detailed analysis (83) shows that the dose-
response relationships are more often consistent with a quadraric (or
cubic) model than with a linear model.
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Experimentally, it is very difficult to discriminate beoween the
various extrapolation models at low doses (11, 58). However,
evidence to support the idea that a nonlinear dose-response relation-
ship is the norm is accumulating for many nongenotoxic and some
genoroxic carcinogens. Dose-response curves for saccharin (45),
butylated hydroxyanisole [BHA (84)], and a variety of other
nongenotoxic carcinogens appear to be nonlinear (85). Formalde-
hyde, a genotoxic carcinogen, also has a nonlincar dose responsc
(28, 29). The data for both bladder and liver rumors in the large-
scale study on acetylaminofluorene, a genotoxic chemical, could fit a
hockey stick—shaped curve, though a linear model, with a decreased
effect at lower dose rates when the total dose is kept constant (86),
has not been ruled out.

Carcinogens effective at both mutating and killing cells (which
includes most muragens) could be “complete” carcinogens and
therefore possibly more worrisome at doses far below the MTD
than carcinogens acting mainly by causing cell killing or prolifera-
tion (I5). Thus, all carcinogens are not likely to be dircctly
comparable, and a dose of 1/100 the TDso (HERP = 1%) might be
much more of a carcinogenic hazard for the genotoxic carcinogens
dimethylnitrosamine or aflatoxin than for the apparently nongeno-
toxic carcinogens trichloroethylene, PCBs, or alcohol (HERT values
marked with asterisks in Table 1). Short-term tests for mutagenicity
(61, 87) can have a role to play, not only in understanding
mechanisms, but also in gerting a more realistic view of the
background levels of potential genotoxic carcinogens in the world.
Knowledge of mechanism of action and comparative metabolism in
rodents and humans might help when estimating the relative
importance of various low-dose exposures.

Human cancer, except in some occupational or medicinal drug
exposures, is not from high (just subtoxic) exposures to a single
chemical bur is rather from several risk factors often combined with
a lack of antirisk factors (60); for example, aflatoxin (a potent mutagen)
combined with an agent causing cell proliferation, such as hepautis B
virus (19). High salt [a possible risk factor in stomach cancer (13)] and
high fat [a possible nisk factor in colon cancer (4)] both appear to be
effective in causing cell killing and cell proliferation.

Risk from carcinogenesis is not linear with time. For example,
among regular cigarette smokers the excess annual lung cancer
incidence is approximately proportional to the fourth power of the
duration of smoking (88). Thus, if human exposures in Table 1 are
much shorter than the lifetime exposure, the possible hazard may be
markedly less than linearly proportional.

A key question about animal cancer tests and regulatory policy is
the percentage of tested chemicals that will prove to be carcinogens
(89). Among the 392 chemicals in our database that were tested in
both rats and mice, 58% are positive in at least one species (14). For
the 64 “natural” substances in the group, the proportion of positive
results is similar (45%) to the proportion of positive results in the
synthetic group (60%). One explanation offered for the high
proportion of positive results is that more suspicious chemicals are
being tested (for example, relatives of known carcinogens), but we
do not know if the percentage of positives would be low among less
suspicious chemicals. If toxicity is important In carcinogenicity, as
we have argued, then at the MTD a high percentage of all chemicals
might be classified as “carcinogens.”

The Background of Natural Carcinogens

The object of this article is not to do risk assessment on naturally
occurring carcinogens or to worry people unduly abour an occasion-
al raw mushroom or beer, but to put the possible hazard of man-
made carcinogens in proper perspective and to point our that we
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lack the knowledge to do low-dose “risk assessment.” We also are
almost completely ignorant of the carcinogenic potential of the
enormous background of natural chemicals in the world. For
example, cholinesterase inhibitors are a common class of pesticides,
both man-made and natural. Solanine and chaconine (the main
alkaloids in potatoes) are cholinesterase inhibitors and were intro-
duced generally into the human dict about 400 years ago with the
dissemination of the porato from the Andes. They can be detected in
the blood of almost all people (12, 90). Toral alkaloids are present at
a level of 15,000 pg per 200-g potato with not a large safety factor
(about sixfold) from the toxic level for humans (91). Neither
alkaloid has been tested for carcinogenicity. By contrast, malathion,
the main synthetic organophosphate cholinesterase inhibitor in our
diet (17 pg/day) (16), is not a carcinogen in rodents.

The idea that nature is benign and that evolution has allowed us
to cope perfectly with the toxic chemicals in the narural world is not
compelling for several reasons: (i) there is no reason to think that
natural selection should climinate the hazard of carcinogeniciry of a
plant toxin that causes cancer in old age past the reproductive age,
though there could be selection for resistance to the acute effects of
particular carcinogens. For example, aflatoxin, a mold toxin that
presumably arose early in evolution, causes cancer in trout, rats,
mice, and monkeys, and probably people, though the species are not
cqually sensitive. Many of the common metal salts are carcinogens
(such as lead, cadmium, beryllium, nickel, chromium, selenium, and
arsenic) despite their presence during all of evolution. (ii) Given the
enormous variety of plant toxins, most of our defenses may be
general defenses against acute effects, such as shedding the surface
lining of cells of our digestive and respiratory systems every day;
protecting these surfaces with a mucin layer; having detoxifving
enzymes that are often inducible, such as cytochrome P-450,
conjugating enzymes, and glutathione _transferases; and having
DNA repair enzymes, which would be uscful against a wide variety
of ingested roxic chemicals, both natural and synthetic. Some human
cancer may be caused by interfering with these normal protective
systems. (iii) The human diet has changed drastically in the last few
thousand years, and most of us are cating plants (such as coffee,
potatoes, tomatoes, and kiwi fruit) that our ancestors did not. (iv)
Normal metabolism produces radiomimetic mutagens and carcino-
gens, such as hydrogen peroxide and other reactive forms of oxygen.
Though we have defenses against these agents, they still may be
major contributors to aging and cancer. A wide variety of external
agents may disturb this balance between damage and defense (12,

2).

Implications for Decision-Making

For all of these considerations, our scale is not a scale of risks to
humans but is only a way of setting priorities for concern, which
should also take into account the numbers of people exposed. It
should be emphasized that it is a lincar scale and thus may
overestimate low potential hazards if, as we argue above, linearity is
not the normal case, or if nongenotoxic carcinogens are not of very
much concern at doses much below the toxic dose.

Thus, it is not scientifically credible to use the results from rodent
tests done at the MTD to directly estimate human risks at low doscs.
For example, an EPA “risk assessment” (92) based on a succession of
worst case assumptions (several of which are unique to EDB)
concluded that EDB residues in grain (HERP = 0.0004%) could
cause 3 cases of cancer in 1000 people (about 1% of all U.S. cancer).
A consequence was the banning of the main fumigant in the
country. It would be more reasonable to compare the possible
hazard of EDB residues to that of other common possible hazards.
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For example, the aflatoxin in the average peanut butter sandwich, or
a raw mushroom, are 75 and 200 times, respectively, the possible
hazard of EDB. Before banning EDB, a uscful substance with rather
low residue levels, it might be reasonable to consider whether the
hazards of the alternatives, such as food irradiation, or the conse-
quences of banning, such as increased mold contamination of grain,
pose less nisk to society. Also, there is a disparity berween OSHA
not regulating worker exposures at a HERP of 140%, while the
EPA bans the substance at a HERP of 0.0004%. In addition, the
FDA allows a possible hazard up to a HERP of 0.3% for peanut
butter (20 ppb), and there is no warning about buying comfrey pills.

Because of the large background of low-level carcinogenic and
other (93) hazards, and the high costs of regulation, priority serting
is a critical first step. It is important not to divert society’s attention
away from the few really serious hazards, such as tobacco or
saturated fat (for heart disease), by the pursuit of hundreds of minor
or nonexistent hazards. Our knowledge is also more certain abour
the enormous toll of tobacco—abour 350,000 deaths per vear (1, 2).

There are many trade-offs to be made in all technologies. Trichlo-
rocthylene and tetrachloroethylene (perchloroethylenc) replaced
hazardous flammable solvents. Modern synthetic pesticides dis-
placed lead arsenate, which was a major pesticide before the modern
chemical era. Lead and arsenic are both natural carcinogens. There is
also a choice to be made berween using synthetic pesticides and
raising the level of plants’ natural toxins by breeding. It is not clear
that the latter approach, even where feasible, is preferable. For
example, plant breeders produced an insect-resistant potaro, which
has to be withdrawn from the market because of its acute toxicity to
humans due to a high level of the natural plant toxins solanine and
chaconine (12).

This analysis on the levels of synthetic pollutants in drinking
water and of synthetic pesticide residues in foods suggests that this
pollution is likely to be a minimal carcinogenic hazard relative to the
background of natural carcinogens. This result is consistent with the
epidemiologic evidence (1). Obviously prudence is desirable with
regard to pollution, but we do need to work out some balance
berween chemophobia with its high costs to the national wealth,
and sensible management of industrial chemicals (94).

Human life expectancy continues to lengthen in industrial coun-
tries, and the longest life expectancy in the world is in Japan, an
extremely crowded and industrialized country. U.S. cancer death
rates, except for lung cancer due to tobacco and melanoma due to
ultraviolet light, are not on the whole increasing and have mostly
been steady for 50 years. New progress in cancer research, molecular
biology, cpidemiology, and biochemical epidemiology (95) will
probably continue to increase the understanding necessary  for
lengthening life-span and decreasing cancer death rates.
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results in dninking water relauvely free of trihalomethanes after chlorination.
These studics are reviewed in 5. J. Williamson, The Science of the Total Environment
18, 187 (1981).
Public and private drinking water wells in Santa Clara Valley, California. have
been found to be contarmunated with a variety of halogenated hvdrocarbons in
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was found in six wells at concentranions up to 12 ppb. Neither chemical has been
adequatcly tested for carcinogenicity in long-term Eio:\ssu_\'s. In addition to these
compounds, three wells also contained carcinogenic compounds at low concentra-
tions. Water from public supply wells may be mixed with treated surface water
before delivery, thus the concentrations of these compounds thar people acrually
receive may be somewhat reduced. Thirty-five private drinking water supply wells
were examined; the major contaminant was the carcinogen trichlorocthviene
(TCE), at levels up to 2800 ppb. TCA and Freon-113 were also found in some
wells, at maximum levels ot 24 ppb and 40 ppb. respectively. Though fewer
ple drink from private water wells, the contaminant concentratons mav be
igher because the water is not mixed with water from other sources |California
Department of Health Services, California Regional Water Quality Control
Board 2, Santa Clara Counry Public Health Department, Santa Clara Vallev
Water District, U.S. Environmental Protection Agency, Ground Water and
Drinking Water in the Santa Clara Valley: A White Paper (1984), table 8].
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and for a 37-kg child. Three other trihalomethanes were identified 1n these
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anc. U. Lahl, J. Vondusze, B. Gabel, B. Stachel, W. Thiemann [Water Res. 15,
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M. M. Moore, J. L. Mumford, Eds. (Plenum, New York, in press). This estimate
(Table 1) for formaldchvde 1n conventional homes, excludes foam-insulated
houses and mobile homes. The figure 1s a mean of the median or mean of the
reported samples in each paper. For benzenc, the figure is a mean of all reported
median or mean samples. The level of benzene in Los Angeles ourdoor air 1s
similar (U.S. EPA Othce of Air Quality Planming and Standards, EPA 450/4-86-
012, 1986).
The average adult dailv PCB intake from food estimated by the FDA in fiscal vears
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test of Aroclor 1260 which was more potent than other PCBs (14).
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alkaloids, with an average level of 0.05% tor intermediate size leaves |C. C. ],
Culvenor, |. A. Edgar, J. L. Frahn, L. W. Snuth, Ansr. J. Chem. 33, 1105
(1980)]. The main pyrrolizidine alkaloids Erncnt m comtrey leaves are echim-
dine and 7-acetyllvcopsamune, neither of which has been tested tor carcinogenic-
iry. Almost all tested 1.2-unsarurated pyrrolimdine alkalosds have been shown ro
be genotoxic and carcinogenic [H. Mon e al., Cancer Res. 45, 3125 (1985)).
Symphvunc accounts tor 5% of the toral alkaloid in the leaves and has been shown
to be carcinogenic (C. C. ). Culvenor er al., Experrennia 36, 377 (1980)). We
assume that 1.5 g of intermediate size leaves are used per cup of comtrey tea
(Table 1). The primary alkaloids in comtrev root are svmphvune (0.67 g per
kilogr.lm of root) and echimidine (0.5 g per kilogram ot roor) | T. Furuva and M.
Hikichi. Phytochemstry 10, 2217 (1971)). Comtrey-pepsin tablers (300 mg of
root per tabler) have a recommended dose of one to three tablets three times per
day. Comfrey roots and leaves both induce liver tumors in rats [1. Hirono, H.
Mon. M. Haga, /. Narl. Cancer [nst. 61. 865 (1978)]. and the TD4, valuc is based
on these results, Those pyrrolizidine alkaloids tested have been tound to be at least
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as potent as carainogens such as symphyvune. [f the other pyrrolizidine alkaloids in
comtrev were as porent carcinogens as svmphytine, the ible hazard of a daily
cup of tea would be HERP = 0.6% and thar of a daily minc rablets would be
HEFU" =7.3%.

Agaricus bisporus is the most commonly caten mushroom in the United States with
an estimated annual consumption of 340 million kilograms in 1984—85. Mush-
rooms contain various hydrazine compounds, some of which have been shown to
cause tumors in mice. Raw mushrooms fed over a lifetime to male and female
muce induced bone, forestomach, liver, and lung tumors | B. Toth and ]. Erickson,
Cancer Res. 46, 4007 (1986)]. The 15-g raw mushroom is given as wet weight.
The TDsp value based on the above report is expre as dry weight of
mushrooms so as to be comparable to other values for TDsp in Table 1; 90% of a
mushroom is assumed to be water. A second mushroom, Gyromitra esculenta, has
been similarly studied and found ro contain a mixture of carcinogenic hydrazines
|B. Toth, J. Environ. Sci. Health C2, 51 (1984)]. These mushrooms are caten in
considerable quantites in several countries, though less frequently in the United
Stares.

Safrole is the main component (up to 90%) of oil of sassafras, formerly used as the
main Havor ingredient 1n root beer []. B. Wilson, /. Asoc. Off Anal. Chem. 42,
696 (1959); A. Y. Leung, Encydopedia of Common Natural Ingredients Used in
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Food. Drugs and Cosmetics (Wilev, New York, 19801 ]. In 1960, safrole and safrole-
containing sassafras oils were banned trom use in toods in the United States | Fed.
Regist. 25, 12412 (1960)]. Safrole is also narurally present in the oils of sweet
basil, cinnamon leaf, nutmeg. and pepper.

Diet cola available in a local market conrtains 7.9 mg of sodium saccharin per fluid
ounce.

Mectronidazole is considered to be the drug of choice for trichomonal and
Gardnerella infections [AMA Division of Drugs, AMA Drug Evaluarions (Amen-
can Medical Association, Chicago, IL. ed. 5, 1983). pp. 1717 and 1802].
Isoniazid is used both prophylactcally and as a tecatment for active ruberculosis.
The adulr Fmphylactic dose (300 mg daily) is continued for 1 vear [AMA
Division of Drugs, AMA Drug Evaluations (Amencan Medical Association,
Chicago, IL, ed. gj 1983), pp. 1766-1777).

D. M.l Sicgal, V. H. Frankos, M. A. Schneiderman, Reg. Taxicol. Pharmacol. 3,
355 (1983).
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Carcinogenicity of Aflatoxins

The generally well-prescnted articles and
editorial in the “Risk Assessment” issue of
Science (17 April) contain, by my count, 12
references to aflaroxin (a mold toxin, or
mycotoxin) and one generalization about
mycotoxins. Each reference is presented as
an illustration of a point, but unforrunately
much of the key information given is inaccu-
rate and the reader may be left with an
incorrect impression of the risk from afla-
toxin and other myvcotoxins and the manage-
ment of thar risk.

Richard Wilson and E. A. C. Crouch (p.
267) and Lester B. Lave (p. 291) imply a
toxicological basis for the Food and Drug
Administration (FDA) “action level” of 20
parts per billion of aflatoxins. In fact, that
concentrarion was established in 1969, with
no toxicological basis, as the lowest at which
the identiry of aflatoxin could be confirmed
by the then available methods (1). Although
improved methods now allow confirmation
of identity (a prerequisite for legal action) at
much lower concentrations, the “action lev-
el” has not been reduced.

Wilson and Crouch (table 3, p. 270), and
Bruce N. Ames e al. (p. 271) state with
varving degrees of certitude thar aflatoxin is
a human carcinogen, relving on ourdated
(Wilson and Crouch) or incomplete (Ames
et al.) information; and Ames er al. (table 1,
p- 273) list aflatoxin as a carcinogen for
mice, an interpretation of the dara that is
questionable. The positive observations of
liver malignancies in mice were from experi-
ments in which large interperitoneal doscs
were used (2). Large doses given orally
produced no tumors (3) (mice are generally
considered to be refractory to aflatoxin car-
cinogenesis). Ames er al. could have dis-
cussed the considerable information on afla-
toxin metabolism and pharmacodynamics
(4, 5) in rats, mice, other susceprible and
resistant species, and humans (in vitro) that
points to benween-species differences. The
cpidemiological evidence on which they rely
for their conclusion “thart aflatoxin is a hu-
man carcinogen” allowed a select committee
of the International Agency for Research on
Cancer, meeting in 1982, to conclude (6)
only that the evidence for carcinogenicity in
humans was limited, that is “a causal inter-
pretation is credible, bur alternate explana-
vons such as chance, bias, or confounding
could not be excluded.” The studies on
which this conclusion was based can be
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criticized (4, 7), and a confounding factor
has since been determined to be chronic
infection with hepatius B virus (HBV).
There is a strong association—an odds ratio
of 223 for liver cancer in HBV carriers (8)
compared with an odds ratio of 10 for lung
cancer in cigarerte smokers (9)—between
liver cancer, the purarive hazard from afla-
toxin ingestion, and chronic infection with
HBV (10) in areas of the world where liver
cancer is encountered. The conclusion that
aflatoxin is not a likely human carcinogen is
supported by other independent studies of
liver cancer (7, 11) and other cancers (12) in
the United States. The current contention is
that aflatoxin intoxication may interact with
chronic HBV infection to produce liver
cancer (13), bur the evidence is not persua-
sive.

Ames ¢f al. state (p. 273) that “[c]onsider-
ing the potency of those mold toxins that
have been tested and the widespread con-
tamination of food with molds, they repre-
sent the most significant carcinogenic pollu-
don of the food supply in developing coun-
tries.” This subject has been reviewed (14).
Of those mycoroxins likely to be contami-
nants of foods, only aflatoxin, ochratoxin A,
patulin, penicillic acid, zearalenone, T-2 tox-
in, and deoxynivalenol have been studied
with any degree of thoroughness. Aflatoxin
and T-2 toxin have been implicated in acute
human toxicoses; no mycotoxin has been
linked with a specific cancer in humans.
There has been speculation that onc or more
trichothecenes (for example, T-2 toxin) may
be related to esophageal cancer in some
areas of Africa and Asia and that ochratoxin
A may be a factor in the endemic nephrius
observed in the Balkans. However, the risk
of human injury from patulin, penicillic
acid, and zearalenone has been found to be
insignificant. Another 28 mycotoxins have
been shown to produce a cellular aberration
by some type of muragen screcning test. I
believe that jumping to conclusions from
such evidence is hazardous. Interest and
enthusiasm can easily affect the unwary to
the point that speculation changes to in-
creasing degrees of cerainty, with no
change in marerial evidence. Scientists are
not immune to this discase.

LEONARD STOLOFF
13208 Bellevue Streer,
_Silver Spring, MD 20904
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Response: We and Stoloff are apparently in
agreement that aflatoxin is a carcinogen in
several species, and that species differ in
their sensitiviry. Although, as we indicated
in our table, there are no positive experi-
ments in mice that are suitable for calcula-
tion of TDsg, our “+” in mice is based on
the evaluation of the Internarional Agency
for Research on Cancer thar aflatoxin in-
duces tumors in that species. The epidemio-
logical data suggest that it is a human carcin-
ogen in combination with hepatitis B virus,
although we agree with Stoloff that the
evidence is not of the same certainty as that
linking smoking and cancer (I). Whar our
HERP (Human Exposurc dose/Rodent Po-
tency dosc) ranking points out is thar at
current levels of human exposure and given
the potency in rats, the possible hazard of
aflatoxin in a peanut bumer sandwich is
greater by 10 to 100 times than possible
hazards from several environmental pollut-
ants, including trichloroethylene in contam-
inated well water and ethylene dibromide
residucs in grain. Yer those synthetic con-
taminants are given greater regulatory scru-
tiny on the basis of the results of animal
cxperiments and even in the absence of
epidemiological data, indicating that they
might be carcinogenic in humans. In ex-
treme cases in the United States HERD
values for aflatoxin reached levels of 6% of
the TDjp dose, which seems to us reason for
concern. We also stand by our statement on
pollution by molds in developing countrics.
In addition, new mutagenic mold toxins in
food are constantly being found when they
are looked for, and it is reasonable to sup-
posc many will be found to be carcinogenic

).
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We stress that it is important to view the
possible hazard of aflatoxin from the per-
spective of the many everyday possible haz-
ards of life and with the knowledge that
there are a great many uncertaintics in the
use of animal bioassay data in extrapolation
to humans. As we discussed at length, the
promotional aspects of cancer are also criti-
cal, and it is likely thar the hazard from
aflatoxin will be much lower in the absence
of some toxicity in the liver such as from
hepatitis virus, alcoholic cirrhosis, or the
maximum tolerated dose in rodents. Since
the HERD values for synthetic pollutants,
including pesticides, are usually an order of
magnitude less than that from aflatoxin,
concern over them should be even less,

Bruck N. AMEs

RENAE Macaw

Department of Biochemistry,
University of California,
Berkeley, CA 94720

Lois Swirsky GoLp
Lawrence Berkeley Laboratory,
Berkeley, CA 94720
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Response: We generally agree both with
Stoloff’s letter and the response of Ames ez
al. However, we were aware that the reliabil-
ity of the connection between human can-
cers and exposure to aflatoxin Bl has been
called into question by the realization that a
more important risk factor is infection with
hepatitis B virus, which inevitably con-
founds the data. Nonetheless, we believe
that the certainty for human carcinogenesis
is high, although not absolute; it is cermainly
superior to the evidence for cancers caused
by dioxin. The 20 parts-per-billion action
level for aflatoxin in peanur burer may
indeed have been set at a detection limit
(although we do not like this practice).
However, as Stoloff himsc)f points out, it
has nor been reduced, although a modest, in
our view inadequate, proposal to reduce it
to 15 ppb was made in 1977 long after more
sensitive detection equipment was available.
The proposal was abandoned.

RicHARD WiLson

E. A. C. CroucH

Department of Physics and Energy and
Environmental Policy Center,
Harvard University,

Cambridge, MA 02138
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Letters

Risk Assessment

Risk assessment may have its funny side,
as noted by Daniel E. Koshland, Jr. (Edlto-
nal, 17 r\pr p- 241), but current misman-
agement of risk by regulatory agencies is no
laughmg marter. Identifving, controlling,
and scrting priorities for risks within the
areas that Congress has designated for feder-
al activiry has been extraordinarily inconsist-
ent and unprotective. Koshland’s reaction is
not unlike that of most environmenralists,
who have long worried that the practice of
risk assessment to date has not improved
health or advanced policy.

Unfortunarely, the special Risk Assess-
ment issue of Seience (17 Apnil) does not
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provide a fresh examunation of issucs, in
large part because the authors selected have
familiar and entrenched positions. Instead.
it reinforces three persistent fallacies: First,
that the only primary concern is cancer;
sccond, that the data on exposure are reli-
able; and third, that bare calculations of
health risk can be expected to guide human
behavior.

Richard Wilson and E. A. C. Crouch (p.
267) have long lamented the failure of the
public to rationalize their “risk portfolios,”
which suggests that the authors rather than
the public are slow to leam that no one
makes choices solely on the basis of simple
equations or point estimates. Physicist-soci-
ologists of risk need to note that some of the
recent work in the study of economic behav-
ior has provided a framework for a more
complex analysis of consumer choice in the
marketplace in place of simple comparisons
of marginal benefit and cost. The proposal
by Bruce N. Ames ez al. (p. 271) for ranking
risk of carcinogens, while clegant in struc-
ture, is not realistic or implementable. First,
as a basis for the HERP (Human Exposure
dosc/Rodent Potency dose), it relies heavily
on the assumption that there are reliable
data on exposure. Assessment of exposure
remains the weakest aspect of evaluating
risks for regulatory purposes. The failure to
requirc meaningful information on new
chemicals and overreliance on models rather
than on monitoring have resulted in a void
of information for calculating human expo-
surc. When this lack of data is factored into
an equation already burdened by the range
of unresolved issues and uncertainties of risk
assessment (), it is doubtful how much
practical usc the approach of Ames ez a/. can
be. Second, any comprehensive system rank-
ing risk should be capable of devolution o
deal with risk control decisions at the mar-
gin. Thar 1s, it is important to be able to
determine how to deal with, for instance,
risks of dioxin from incinerator emissions in
populations who smoke, ear certain foods,
sunbathe, or otherwise engage in riskv busi-
ness. It is hard to know how to use the
approach of Ames er al. for this crirical
assessment.

Finally, the approach of Ames er al. and
much of the discussion of risk assessment in
Science and elsewhere continues to confine
our national debate to one end point—
cancer nisk. While evaluating the potcnua.l
risks of chemicals as carcinogens is impor-
tant, the human disease and dvsfunction thar
can reasonably be associared with impacts of
chemical exposure and environmental modi-
fications are likely to be expressed in many
other outcomes. The debate on risk assess-
ment needs to be radicallv revised; it should
start with an assessment of health status in

the United Srates and then move to a con-
sideranion of which impairments of health
might reasonably be associated with expo-
sure to chemical agents, with the use of such
techniques as biological markers to support
proposed linkages (2). After such an analy-
sis, rational ranking might occur.

This method would revise our current
practice of going from the chemical by
means of its toxicology to the estimation of
health impact, the Environmental Protec-
tion Agency dogma of hazard identification,
risk characterization, exposure assessment,
and then to risk assessment, as explicated by
Milton Russell and Michael Gruber (p.
286). Such an approach, while radically
different from current science policy, could
avoid some of the silliness of current regula-
tory practice, which provokes not only the
amusement of scientists but also the disgust
of the public as it observes continued failure
to deal efficiently, at the source, with obvi-
ously significant environmental risks like
lead, sulfur dioxide, radon, formaldehvde,
and asbestos. ;

ELLEN K. SILBERGELD
Environmental Defense Fund,
1616 P Street, NW,
Washington, DC 20036
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Response: Silbergeld does not emphasize
the importance of sertng priorities in re-
search and regulation, so that efforts to
protect public health are nor diverred from
the most imporrant issues. Since regulation
of carcinogens has been based largely on
results of rodent bioassays, it is necessary to
recognize thar abour half of all chemicals
tested ar the maximum tolerated dose are
carcinogens in rodents, whether the chemi-
cals are natural or man-made. We believe
that our artempts to provide a framework
for setting priorities among human expo-
sures to rodent carcinogens is of practical
use. One contribution is to show that possi-
ble carcinogenic hazards to humans from
currenr levels of pesticide residues or water
pollution are likely to be of minimal concern
relative 1o the background levels of narural
substances, although one cannot sav wheth-
er these natural exposures are likely to be of
major or minor importance. Another contri-
bution is to examine the many uncertainties
in relving on animal cancer tests for human
prediction given our current understanding
of the mechanisms of carcinogenesis.

Silbergeld states that it is a fallacy to treat
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cancer as “the onlv primary concern.” We
agree: it is also desirable to set priorities for
chemicals that cause other toxicological
problems. In both cases it is counterproduc-
tive to focus on quantities that are minute
relative to their toxic level. Although our
work focused on cancer, our methods are
also relevant to other biological end points,
including reproductive damage. Ranking
priorities among possible teratogenic haz-
ards is important, especially since fully one-
third of the 2800 chemicals tested in labora-
tory animals have been shown to induce
birth defects at maximum tolerated doses
(1). Humans are ingesting enormous ex-
cesses of narural chemicals compared with
man-made ones. For example, we ingest
abour 10,000 times more of nature’s peso-
cides than man-made pesticide residues (2).
Thus, one priority should be to estimate
whether their toxicological effects might be
in-abour the same proportion. There is no
convincing evidence, either epidemiological
or toxicological, to suggest thar pollution is
likely to be of great teratogenic interest
relative to the background of narural chemi-
cals.

Silbergeld’s reference to dioxin pollution
seems o imply that new incinerarors should
not be built until we know thar dioxin poses
no harm “to people who smoke, cat cerrain
foods, sunbathe, or otherwisc engage in
risky business.” Such an approach is imprac-
tical roxicologically and is an invitation to
paralysis. To attempt to avoid all cxposures
that might cause some type of harm to
someonc under some circumstances ignores
the background of narural hazards, the
benefits of technology, and the hazardous
side effects of the alteratives when some
technology is eliminated. Is dioxin of impor-
tance at the tiny levels people are exposed to
from incinerators when compared with the
“risky business™ people are already engaged
in? Silbergeld’s letter has prompted us to
compare dioxin and alcohol in terms of the
exposures 1o humans relative to the dose
levels that have been shown ro be terarogen-
ic to mice in laborargry. experiments. Unlike
dioxin, alcoho] is-a known,"and important,
human teratogen.. The teratogenic dose of
alcohol for mice is more than a million times
greater than the teratogenic dose of dioxin,
similar to the difference in carcinogenic
doscs for the two chemicals. However, be-
causc the dose of alcohol in a bottle of beer
is very high, drinking a daily beer would
posc a possible teratogenic hazard about the
cquivalent of cating a daily kilogram of dirt
contaminated with 1 pant per billion of
dioxin. Soil ingestion is considered by gov-
ernment regulatony agencies to be the main
possible route of exposure (3). Given the
information  available concerning Silber-

1400

geld’s example, our highest prioriry should
be to warn people abour the carcinogenic
and teratogenic hazards of smoking and
alcohol and of the carcinogenic hazards of

- sunbathing and to investigate the dicrary

imbalances that appear likely to be major
causes of cancer.

Silbergeld laments the quality of exposure
data. Yet our sociery has made an enormous
effort to measure exposures to man-made
pollutants and to regulate them at a large
economic cost. We have mumed up remark-
ably lirtle of public health interest aside from
occupational hazards. Additional measure-
ments of parts per billion or per trillion of
man-made pollutants do not seem likely to
make a major conrribution. ;

Silbergeld states that the public is con-
cemned with more than “bare” calculations of
health risks. That may be, bur it is the job of
scientists to provide the best estimates that
they can about possible hazards. This in-
cludes putting worst-case estimares of hypo-
thetical human risks in perspective. Our
work suggests that traces of pollutants are
likely to be of only minimal concern relative
to the background of natural chemicals.
Epidemiological evidence indicates that
there is no epidemic of cancer (other than
that duc to smoking) or of birth defects.

The biological understanding of the
causes of cancer and birth defects is pro-
gressing remarkably rapidly, considering the
complexity of the problem. Silbergeld’s sug-
gestions are not likely to change the prior-
itics of the many accomplished scientists
working in this area.

BRrRUCE N. AMEs
Department of Biochemistry,
University of California,
Berkeley, CA 94720

Lo1s Swirsky GoLp

Biology and Medicine Division,
Lawrence Berkeley Laborarory,
Berkeley, CA 94720

RENAE MaGaw

Department of Biochemistry,
University of California, Berkeley
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Response: The  criticism by Silbergeld
should primarily be addressed to the risk
management procedures of the federal gov-
ernment and society in general. One possi-
ble reason that risk management has been
INCONSIStENt is a failure of regulatory agen-
cies to properly inform the managers in the
same agencies. For example, the Office of

Drinking Water Standards of the Environ-
mental Protection Agency, in a discussion of
risks of organic hvdrocarbons (1), omits any
mention of chloroform, thereby withholding
from the Administrator and from the public
the instructive comparison with risks of
trichloroethylenc in our table 2 and on page
269 of our article.

We agree that no one makes choices solely
on the basis of simple equations or point
estimates and have said so in almost all of
our writings, including the last paragraph of
our article in Science. However, thar is no
excuse for not accurately determining the
point estimate—and the uncerrainty of that
estimate—and for purting these numbers
into perspective by comparison.

Public health officials, both in private and
public, have in the last century emphasized
acute effects that occur as a result of a shorr,
high exposure. For these it is generally
assumed that a low exposure means a risk
close to zero. Risk assessors follow public
demand in addressing the risk of cancer—a
chronic cffect arising from long exposure,
often at lower levels. For thesc it is often
assumed that there is lincarity berween re-
sponsc (probability of cancer) and dose.
However, as we emphasized, the risk calcu-
lations for cancer can be a surrogate for
other end points also.

Since for chronic effects risk is approxi-
mately dose times potency, dose informa-
ton is vital. When it is available, a direct
comparison such as, for example, for the
radiation doses in our table 1, js less uncer-
tain, and we find that people are helped by
this. Again, however, we find that regula-
tory agencies and newspapers often omit
this comparison, thereby failing to ade-
quately inform the public of the risk and its
meaning. This makes the risk assessment
useless and any decision less well based than
it need be. .

We would also like to note, as kindly
pointed out by Ernest V. Anderson, that in
the discussion in our article of “Expression
of risks” (p. 270, paragraph 2, line 24), an
arithmetic error occurred: 0.0047% should
have been 0.023%. :

RicHARD WiLsON

E. A. C. CroucH

Department of Physics and

Energy and Environmental Policy Center,
Harvard University,

Cambridge, MA 02138
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Risk Assessment

With regard to the article by Bruce Amcs
eral. (17 Apr., p. 271), consider the follow-
ing parable: I am steaming in my Berkelev
hot tub when my neighbor leans over the
redwood fence with a long spoon and sprin-
kles some TCE (trichloroethvlene)into the
hot tub. “What are you doing,” I ask in
some consternation. “Ir’s so expensive to
dispose of this legally, I thought I'd disposc
of 1t this wav,” he replies. When I start to
protest he points out that the “HERDP”
[Human Exposurc dose/Rodent Potency
dose] from the TCE is negligible when
compared with the chloroform from the hot
tub. the aflatoxin from my half-eaten peanut
butter sandwich, and the basil in my herb
salad. Although this has a reassuring effect
on me, it does not prevent me from sloshing
off to call my lawyer to obtain an injunction.
This parable illustrates the strength and the
weakness of the article by Ames er al. It is
reassuring to assess exposures and risks in a
larger context. But the decision to choose
benween action options (stav in the tub or
call the lawyer) is governed by more than
mere risk considerations. First, one must
also consider the tangible and intangible
costs of tolerating or replacing an exposure.
This means that my neighbor should not
count on convincing me to automatically
accept risks comparable to those previously
accepted on the basis of specific cost-benefit
trade-offs made in other settings. Thus the
fact that the Environmental Protection
Agency, after considering the benefits of
water chlorination, accepred a particular risk
from trihalomethanes, does not mean that I
or the proverbial rational decision-maker,
would allow my neighbor to continue
spooning TCE into my hor tub until the risk
conveved the same HERT as did the chlori-
nation! Since there are no benefits from
batiing in TCE I will predictably rolerate
less risk from it than I would tolerate trom
the chlorination that prevents skin infection
and unsightly algal blooms! There is a sec-
ond class of considerations that is most
important. These are societal and cthical
considerations that override cost-benefit-
risk considerations. Our society tends to be
wnrolerant of situations in which exposures
are involuntary or when one parn derives
the benefit and the other party bears the
risk. We fear some illnesses and some wavs
of dving more than others. Slovic's article in
the same issuc of Science (17 Apr., p- 280)
emphasizes the public concern with dread
disease and unknown outcomes. Peter Sand-
man at Rutgers Universitv has been publicly

17 TULY 1908~

refernng to these intangible constraints as
the “outrage factor.” It is outrageous for my
ncighbor to dispose of minute amounts of
hazardous waste in my hot tub without my
permission. Sophisticated decision analysts
know this and take it into consideration as a
constraint. Ames ¢t al. ignore this factor and
the decision-analysis literarure that has tried
to deal with it. Although helpful in overall
perspective, the information in the article by
Ames et al. provides little guidance in help-
ing us to decide if we should initiate a
program to prevent underground tanks from
leaking or how polluted a well needs to be
before we shur it down.

It is one thing to sav thar the degree of
ground-water contamination to datc does
nor warrant the kind of sensational treat-
ment it has received in the press. It is
another thing to ignore the “outrage factor™
and the potential for worsening ground-
water pollution and to imply thar scientific
data suggest that the problem should be
passed over until the last smoker lavs down
his cigarerte!

RAayMOND NEUTRA
956 Evelyn Avenue, Albany, CA 94706

Response: Neutra’s hot tub parable is not
germane to the issues raised by our arricie.
We did not imply that cost-benefit-risk con-
siderations should be the sole basis of public
policy. Our intention was not to provide a
new regulatory policy but rather to contrib-
ute scientific information and perspecrive,

Neutra’s parable leaves out the benefits to
evervone (including health) of modern tech-
nology. Every industry pollutes to some
extent, and reduction of exposure to pollu-
tants usually involves trade-offs. including
loss of some benefits. Neutra’s car pollures
the air for those of us who walk to work, bur
modern automotive technology benefits all
of us, even those without cars, in many
ways. A decision on whether or how much
to increase the costs of transportation in
order to reduce the pollution of cars and
trucks, depends in part on understanding
the truc health costs of cach option.

As we pointed our, modern technologics
are constantly replacing older, more hazard-
ous technologies. The reason billions of
pounds of the solvents TCE and PCE
(perchlorocthylene—the main drv-cleaning
solvent in the United States) are used 1s
because of their low acute toxiciry and the
dangers of the flammable solvents they re-
placed. We have also pointed out thar con-
sideration of alternative substances and pos-
sible preventative measures should be partof
the public policy decision-making process.

In the modern context of being able to
measure parts-per-billion and parts-per-tril-
lion levels of substances and the realization

that there is universal human exposure to

rodent carcinogens of natural onigin. it i+

first important to prioritize among the

plethora of possible hazards in order to

avoid being distracted from working on the

more important problems. The enormous

uncertainties in the use of animal data 1o

assess human risk and our lack of knowledge

about the mechanisms of carcinogenesis

make policy-making especially  difficulr;

however, we do not imply that all problems

should be passed over until the last smoker
lays down his cigarerte.

BrUCE N. AMEs

RENAE Macaw

Department of Brochemistrv,

Unversity of Californn.

Berkeley, CA 94720

Lois S. GoLp

Biology and Medicine Division.

Lawrence Berkelev Laborator.

Berkelev, CA 94720

LETTFRS 23¢



|

Paleolithic Diet, Evolution, and
Carcinogens

Philip H. Abelson (Editorial, 31 Julv, p.
473) and Bruce N. Ames ez al. (Articles, 17
Apr., p. 271) observe that cancer 1s a com-
plex of discases with multiple causes, rang-
ing from carcinogens and hormonal factors
to chronic infectious diseases and dietary
patterns. Moreover, Ames ez al. advise that
naturally occurring carcinogens in the food
supply are generally more toxic than indus-
trial carcinogens, excepung workplace expo-
sures. This interpretation of greater toxicity
of food-borne carcinogens derives from the
HERP [Human Exposure dose/Rodent Po-
tency dose] index of Ames er al., which uses
data from animal studies of carcinogenicity
and finds alcohol and peanut burtter more
potent than pesticide residues.

While the work of Ames er al. presents an
interesting usc of toxicological data, it
should not be construed as the final word on
the role of synthetic organic carcinogens in
producing cancer patterns in humans, The
relative contribution of different synthetic
and natural toxicants to human evolution
and to current cancer and other disease
patterns is a complex matter. A National
Research Council (NRC) report (1) noted
that many of the nondietary toxicants in
foods are not known to be harmful to
normal healthy human beings when the
foods are prepared in time-honored ways.
Adequate cooking reduces or destrovs the
harmful properties of the cyanogenetic gly-
cosides in the lima bean, the goitrogens in
certain vegetables, thiaminase in fish, and
avidin in the egg. After ripening, the ackee
fruit and grapefruit lose their toxic compo-
nents.

Some observations from studies of Palco-
lithic nutrition may also be relevant, as
widely varying foods were available to
cvolving hominids at least 4 million vears
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ago. (2). Ames et al. note that some pvroly-
sis products are potent carcinogens. Howev-
er, fire-cooked wild game meats have been
consumed by humans for ar least 700,000
years; for example, in Lantian, China 3)
along with a variery of plants (4).

A recent visit with my son Aaron to the
expanded exhibit at the Hall of Fossils of the
Smithsonian Institution’s Museum of Naru-
ral History provided some relevant informa-
tion. Reconstructions of the earliest archeo-
logical sites of human ancestors indicate thar
the larger, more robust form of Australo-
pithecus, Homo robustus, died our abour ]
million vears ago and probably depended on
vegetable foods, as its huge molar teeth and
massive jaws are well adapred for such a
rough dier. A sagirtal crest ( bony ridge of
the top of the skull) and protruding cheek
bones anchored the strong chewing muscles.
The hominids from which we evolved had
teeth that were adapred for an omnivorous
diet of vegetables and mear and lived about
1.2 to 3 million vears ago. Morcover, the
range of early diets was extensive, from
protemn rich diets of far northern peoples to
the vegetable-laden dicts of the Australian
Kalahari.

To be sure, marerials causing chronic ill-
nesses that are commonly expressed in post-
reproductive persons would not have a selec-
tve influence on the evolution of human
genotypes. However, such materials could
have had major effects on human develop-
ment. Experimental dara suggest that few
carcinogens are not also toxic to reproduction
(5). Thus, exposure to food-bome toxicants in
early humans may have selected out genotypes
that produced spermatocytes, oocytes, embry-
os, and fetuses with susceptibility to roxic
constituents of foods. Early pregnant humans
may have experienced spontaneous abortions
due to prenatal and other €Xposures to carcin-
ogens in the food supply, which would have
produced genetic resistance in the human
genome.

Nearly four decades ago, ]. B. S. Haldane
argued that diseases are responsible for
much of the observed biochemical and ge-
netic variability of wild populations, insofar
as the struggle against discase plays an im-
portant evolutionary role (6). Reasoning
that a small biochemical change provides a
host species a substantial degree of resist-
ance, Haldane argued that it is an advantage
t0 a species to be biochemically diverse.

Whatever the role of evolution may prove
to be. humans have been eating complex
toods far longer than they have been ex-
posed 1o svntheric, organic  carcinogens.
Moreover, some cancer parterns in the Unit-
ed States have changed markedhv and recent-
Iv in wavs that are unlikely 1o be related ro
changes In food consumption. Other can-

]

cers, such as breast cancer, appear closely
related to parterns of dictary fat consump-
tion (7). But several cancers, with no known
or suspected nutritional basis, have been
incrcasing. Moreover, some food-related
cancers, including stomach cancer have been
declining in many industrial countries (8).
In the United States cancers in persons
under age 45 have also declined markedly in
recent years (9). In contrast, multiple myelo-
ma, lung cancer, and brain cancer have
increased at least 50% from 1968 to 1978 in
white and nonwhite persons aged 75 to 84.
(9, 10). From 1975 to 1984. the age-adjust-
ed U.S. cancer morality rate rose from
162.2 1o 170.7 per 100,000 individuals:
during this same time, the death rate per
100,000 for nonlung cancer changed from
125.4 10 125.1 (11).

In light of these complex partterns, serious
research needs to be done on possible
changes in the environment in the past that
could account for these patterns. Whether
recent chemical exposures are linked with
changing cancer parterns in the elderly re-
mains an open question. However, in the
past three decades, production of synthetic
organic chemicals grew exponentally (Fig. 1).
This older cohort includes persons who have
lived long enough to experience cancers that
may be associated with such exposures.

As Ames et al. point out, the range of
variation in worldwide cancer patterns is
substantial, running at least sixfold, and
many cancers occur with even greater varia-
tion (8). Diet alone is unlikely to explain all
of this variation, nor are changes in diet
likely to be involved with some of the
specific changes noted above.

The relative roles of food and nonfood
carcinogens are unclear. It is highlv likely
that the impact of the larter may differ
qQualitatively from that of the former. Also
synergies may occur between them, with
newer compounds enhancing the toxiciry of
longer established compounds. In light of
the relatively recent increase in the volume
of production of some carcinogenic and
other hazardous substances, it is not now
possible to determine the extent to which
exposures to such chemicals will influence
future cancer rates. Prudent public policy
dictates that additional research be conduct-
ed on the relative potencies of these materi-
als for humans.

DEevra LEE Davis

Board on Environmental Studies and
Taxicology,

National Research Council,

2101 Constitution Avenue, NW,
Washingron, DC 20418
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4 Technical- Comments-

Carcinogenic Risk Estimation

In their widely publicized and popular-
ized article “Ranking possible carcinogenic
hazard,” Bruce N. Ames er al. (17 Apr.
1987, p. 271) conclude that “analysis on the
levels of synthetic pollutants in drinking
water and of synthetic pesticide residues in
foods suggests that this pollution is likely to
be a minimal carcinogenic hazard relative to
the background of narural carcinogens” and
thus that the “high costs of regulation” of
such environmental carcinogens arc unwar-
ranted. These conclusions reflect both
flawed science and public policv.

Although Ames er al. challenge the valid-
ity of animal carcinogenicity data for quanti-
tarive estimation of human risk, they never-
theless use such extrapolations, based on the
percentage Human Exposure dose/Rodent
Potency dose (HERPD), for ranking carcino-
genic hazards. Apant from the faat that
HERP rankings are based on average popu-
lation exposures excluding sensitive sub-
groups, such as pregnant women, the de-
rved potencies of Ames er al., doses induc-
ing tumors in half the tumor-free animals,
are misleading. Potencies for “syntheric pol-
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lutants,” such as trichloroethylene, are de-
rived from bioassays in which lowest doses
are large fractions of the maximally rolerated
dose (MTD), whereas potencies for more
extensively srudied “narural carcinogens,”
such as aflatoxins, are generally derived from
titrated doses, orders of magnirude below
the MTD. Since dose-response curves are
usually flattened near the MTD (1), poten-
cies derived from high-dose testing vield
artificially low risk estimates; HERDs for
“synthetic” carcinogens are thus substantial-
Iy underestimated compared with many
“natural carcinogens.”

Compounding this misconception, Ames
et al. maintain that carcinogenic dose-re-
sponsc curves rise more steeply than lincar
curves and that tumor incidences increase
more rapidly than proportional to dose. At
high doses, dose-response curves are usually
less stecp than linear cunves (1), as also
recognized elsewhere by Ames and his col-
leagues (2). Thus at MTD doses. large fur-
ther dose increascs may induce only small
Increases in tumor incidence, perhaps re-
ficcung competition berween transforma.

tion and ovtotoxicity (3); linear extrapola-
tions from high-dose tests thus undcresti-
mare low-dose risks.

For Ames et al., the term “carcinogen”
heterogeneously includes direct and indirect
influences, including promoting and modi-
fying factors and mutagens. Caloric intake is
considered “the most striking rodent carcin-
ogen.” However, no correlations have been
established berween food intake and rumor
incidence among animals eating ad libitum,
despite wide variations in caloric intake and
body weight (4), nor have correlations been
established berween obesity and most hu-
man cancers. In the statement by Ames er
al., “at the MTD a high percentage of all
chemicals might be classified as ‘carcino-
gens’,” toxicity and carcinogeniciry arc con-
fused. However, among some 150 industrial
chemicals selected as likely carcinogens and
tested neonatally at MTD levels, fewer than
10% were carcinogenic (5). Manv highly
toxic chemicals are noncarcinogenic, and
carcinogen doses in excess of the MTD often
inhibit tumor vields. While Ames e al.
revive the discredited theorv that chronic
IITITaTtion causes cancer, MOst irritants arc
noncarcinogenic, and there is no correlation
between nonspecific cell injury and carcino-
Eenic potency (6).

Ames et al classifv ethanol as carcinogen-
ic. “[one of the owo| largest idennificd causes
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Response: Davis takes issue with our docu-
mentation that carcinogenic hazards from
current levels of pesticide residues or water
pollution are likely to be of minimal concern
relative to the background levels of natural
substances. She indicates that humans, as
opposed to rats or mice, may have devel-
oped specific resistance to these natural chem-
icals, since we have been selected by evolu-
ton to deal with plant toxins or cooked
food. This is unlikely, because, as we dis-
cussed in our article, both rodents and hu-
mans have developed many types of general
defenses against the large amounts and enor-
mous variety of toxic chemicals in plants
(narure’s pesticides). These defenses include
the constant shedding of the surface layer of
cells of the digestive system, the glutathione
tansferases  for detoxifying  alkylating
agents, the active excretion of hydrophobic
toxins out of liver or intestinal cells (1),
numerous defenses against oxygen radicals
(2), and DNA excision repair. The fact that
defenses appear to be mainly general, rather
than specific for each chemical, makes good
evolutionary sense and is supported by vari-
ous studies. Experimental evidence indicates
that these general defenses will work against
both natural and synthetic compounds,
since basic mechanisms of carcinogenesis are
not unique to either.

We also pointed out that humans ingest
abour 10,000 times more of nature’s pesti-
cides than man-made pesticides. Relatvely
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Fig. 1. Expendirures for environmental protec-
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few of nature’s pesticides that we are cating
have been tested for carcinogenicity, but
about half of the naturally occurring sub-
stances that have been tested in rats and
mice are carcinogens. We also pointed out
that the modern diet is vastly different from
that of a few thousand years ago or of
primitive man (3). Davis dismisses dietary
and other life-style factors too readily as
potential causes of cancer that do nor
change; they do change all of the time. For
example, as part of the back-to-nature move-
ment we are cating canavanine in alfalfa
sprouts, carcinogenic hydrazines in raw
mushrooms, and carcinogens in herb teas.
Cooking food does destroy some carcino-
gens but also makes others, such as the
variety of nitrosamines and nitropyrencs
formed when food is cooked in gas ovens, a
relatively recent invention. Davis’ argument
that natural selection eliminated all hazards
from carcinogens acting late in life because
they are reproductive toxins is not support-
ed by good evidence and appears unlikely.

We have discussed why “risk assessment™
based on worst-case scenarios may not have
much to do with biological reality for either
synthetic or natural chemicals. Linear ex-
trapolations from results at the maximum
tolerated dose may enormously exaggerate
risks at low dose if, as appears to be true, an
important aspect of carcinogenesis is cell
proliferation, which may frequently result
from the high (maximally tolerated) doses of
test chemicals administered in rodent bioas-
says (4). Concern with very low doses is
even more likely to be misplaced for agents
suspected of causing birth defects, because
of a threshold effect. In this respect it would
be useful to compare rodent data for partic-
ular synthetic chemical pollutants with those
for a representative set of natural chemicals,
analogous to our HERP index comparisons.
One important comparison to be made
would be thar between alcohol and other
rodent teratogens. Alcohol is a leading cause
of mental retardation in humans (fetal alco-
hol syndrome), and such a comparison
would pur possible teratogenic hazards into
perspective.

The key issuc is not that production of
synthetic chemicals has gone up markedly in
recent years, but whether the uny amounts
of pesticide residues or water pollutants we
arc ingesting are likely to be important in
human cancer. In our ranking, such expo-
sures are very low compared with the back-
ground of natural carcinogens, but we also
pointed out that workplace exposures often
rank high (5).

Davis contends that the incidence of brain
tumors and multiple myvelomas in the elderly
has clearly increased. However, Doll and
Peto, in a detailed analysis of the causes of

human cancers, convincingly point out why
such apparent increases may be due to recent
improvements in diagnosis (6). Peto con-
cluded, in commenting on this marter (7, p.
283), that “Furure trends may differ sub-
stanually from recent trends, of course, but
at present the U.S. data contain no clear
evidence for anv generalized increase in can-
cer over and above that due to the delayed
effects of tobacco. Opposite conclusions by
other commentators appear to derive chiefly
from methodological oversights.”

From a policy perspective, we discussed in
our article that it is prudent to consider the
benefits of modern technology and also the
alternative subsrances that might replace
regulated compounds. Modern chemicals
commonly replaced more hazardous sub-
stances, for example, chlorinated solvents
replaced flammable solvents. Modern tech-
nology, which concomitantly causes the in-
crease in production of synthetic chemicals,
has contributed in important ways to our
steadily increasing life-span. Currently, as a
society our expenditures on pollution abate-
ment and control are more than $80 billion
annually (Fig. 1), despite the uncertainty of
whether environmental pollutants at parts-
per-billion levels have public health signifi-
cance. We believe thar the potential carcino-
genic hazards of pollutants should be evalu-
ated in the context of background level
exposures to natural substances until science
makes the further understanding of mecha-
nisms clearer, as we emphasized in our
article.

Bruce N. AMES

Department of Biochemistry,

University of California, Berkeley, CA 94720
Lo1s Swirsky GOLD

Lawrence Berkeley Laboratory,

Berkeley, CA 94720
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Concerning “Science and murual self-in-
terest” by David Dickson and Colin Nor-
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of ncoplastic death in the United States”
along with tobacco; their HERP indices for
a daily glass of wine and “average” occupa-
tional exposure to formaldehyde are similar.
In four rodent tests cited by Ames er al.,
alcohol was noncarcinogenic; in the fifth, an
expeniment with alcohol of undefined puri-
TV, carcinogenicity was “extremely low.”
While cpidemiologic studies have incrimi-
nared alcohol—parricularly in promoting or
synergizing tobacco smoke, in upper diges-
tve tract cancers, and also in inducing cir-
rhosis, a risk factor for liver cancer (7)—
there is no evidence incriminating alcohol
PEr s¢ as a potent carcinogen for the general
population, partcularly nonsmokers. Al-
though two cohort studies not cited by
Ames er al. demonstrate weak associations
berween breast cancer and alcohol consump-
ton (&), their significance is limired by
minimal dose-response relationships, several
contrary studies, and the contamination of
alcoholic beverages with carcinogens includ-
ing urethane, methylglyoxal, nitrosamines,
and pesticide residues.

While  diffusely defining  carcinogens,
Ames ¢ al. artificially categorize them as
“natural” or “industrial,” saving that the
former hazards should somehow limit con-
cemns on the latter. However, dietary levels
of “natural carcinogens™ such as aflatoxins
and dimethylnitrosamine are influenced by
harvesting and storage technologies and ni-
trite additives, respectvely. Moreover, pre-
dominant exposure to other “narural carcin-
ogens” results from industrial activity; ex-
amples include asbestos, heavy metals, ura-
nium, and formaldehyde. While emphasiz-
ing “natural carcinogens” and “nature’s pes-
ticides” in food as major carcinogenic expo-
sures, Ames e al. ignore natural dietary
anticarcinogens and antimutagens, such as
porphyrins, phenolics, and retinoids (9).
Although risks from aflatoxin and alcohol,
described as two most important and potent
carcinogens, depend on synergism with hep-
atius B virus and tobacco smoke, respective-
Iv, sk estimares for most svnthetic carcino-
Bens are based on single-agent exposures
only. While “narural carcinogens” have long
plaved a role in human cancer, concerns
must also focus on recent incremental effects
of increased production of and exposure to
nonsvnthetic carcinogens, such as asbestos
and heavy metals, and on the novel and
escalating production and cxposure to “syn-
thete carcinogens” (10), Although some
petrochemicals have been proved to be car-
CInogenic, most ha\"t not been tested; more-
over, much industrial dara is ar best suspect
or unavailable (17).

The National Instirute for Occupational
Satery and Health estmates that 11 million
workers are exposed 10 ten high volume
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industrial carcinogens (12). Up to tenfold
increases in organ-specific cancer rates are
reported among those who work with asbes-
tos, uranium, and arsenic and in coke plants
and among those cxposed ro specific petro-
chemicals and to some 20 Jess well-defined
processes, such as dry cleaning, spray paint-
ing, and plumbing (12); excess childhood
leukemia is also associated with parental
occupational exposures ro organic solvents
and related chemicals (13). Just one of the
few well-studied occupational carcinogens,
asbestos, responsible for up to 10,000 annual
cancer deaths ( 14), is second onlv to tobacco
of all known causes of human cancer,

Growing evidence demonstrares that per-
vasive contamination of air, warer, soil, and
food with a wide range of industrial carcino-
gens, generally without public knowledge
and consent, is important in causation of
modem preventable cancer. Even if hazards
posed by any industrial carcinogen are small,
their cumulative, possibly synergistic, effects
are likely substantial. Eating food contam-
inated with residues at maximum legal toler-
ances of only 28 of 53 known carcinogenic
pesticides, excluding numerous other carci-
nogenic pesticides and incremental €xposure
in drinking water, is estimated to be poren-
tially responsible for 1.5 million excess life-
time U.S. cancers (45). Trichloroethylene is
3 common contaminant of drinking water,
generally resulting from improper disposal
of industrial wastes; lifetime consumption
levels of 250 parrs per billion found in
contaminated wells in Wobumn, Massachu-
serts, together with other related carcino-
gens not considered by Ames, o al., is
associated with excess risks of cancer (16),
childhood leukemia, perinatal deaths, and
birth defects (17). Some 20 retrospective
and case control studies have associated
trihalomethane-contaminated water  with
gastrointestinal and urinary tract cancers
(18). As only a few organic drinking water
contaminants are characterized (19), and as
inhalation and cutaneous €xposures may be
as important as ingestion (16), risk est-
mates, cxduding possible interactive cffects,
are likely to be misleadingly low. Neverthe-
less, Ames ef al. ignore these limitations and
also the substantive epidemiologic data and
assert that “the animal evidence provides no
ood reason to expect that chlorination of
water or current levels of man-made pollu-
tion of water pose significant carcinogenic
hazards,” and thar the risk from contaminat-
ed Wobumn water js 1710,000 that of a glass
of wine.

Communiry ajr pollution from industrial
emiussions, and thus proximiry of residence
to certain industries, s a recogmized cancer
risk factor. Numerous srudies. controlled or
stratiied tor smukmg\ dcmunslrarc assoCia-

tions between excess lung cancer rates and
heavy metal and aromaric hvdrocarbon
cmissions (20); exposure to benzo[a]py-
rene. a conventional combuston index, in-
creased lung cancer morrality by 5% per
nanogram per cubic meter of air (21). Oth-
€rs estimate that “the proportion of lung
cancer deaths in which air pollution is a
factor is 21%” (22). Concerns have recently
focused on defined industrial emissions, in-
cluding arsenicals, benzene, chloroform. vi-
nyl chloride, and acrylonitrile, which in both
sexes are associated with excess overall and
organ-specific, standardized community
€ancer rates; carcinogenic trace metals and
volatile organic community air pollutants,
have been incriminated in some 0.6 to 2.3
per 1000 excess lifetime cancers (23). Ames
et al., however, trivialize risks from “general
outdoor air pollution.”

Ames er al. state thar cancer mortality
rates “have mostly been steady for 50 vears”
apart from “lung cancer due to tobacco and
melanoma due to ultraviolet light.” This is
based on analvses that exclude people over
65 and blacks of all ages (24) and which
ignore the following: effects on mortaliry
rates of the approximately 70% reduction in
gastric and cervical cancer mortality since
the 1940s which have been masked by in-
creasing mortality from cancers at other
sites; probability estimates thar have project-
ed marked increases in monality rates for a
wide range of malignancies for those born in
1985 compared with those born in 1975
(25); very recent increases in premenopausal
breast cancer mortality (26); the role of
nonsolar causes of melanoma (26); and the
role of other major causes of lung cancer
besides smoking (27). ‘While smoking is a

- major cause of lung cancer, the importance

of other causes is evidenced by increasing
rates in highly urbanized and highly indus-
trialized communitics; disproponionatc]y
increasing rates for black males not attribut.
able to smoking pattern differences; increas-
ing rates in nonsmokers while rates for other
tobacco-related cancers, such as those of the
buccal cavity and pharvnx, are declining;
Increasing rares in some groups of nonsmok-
ing workers; Increasing rates in women,
greater than can be accounted for by in-
creased smoking; and, increasing propor-
tions of lung cancers that are adenocarcino-
mas. which are less closely associated with
tobacco smoking (12, 27). Incidence rates,
not considered by Ames er a/, and which can
“reveal changes in cancer occurrence thar are
not apparent in the monaliry data” (26),
from 1950 through 1985 increased overall
by 37%; by 20% or over for pancreas
cancer; by 51% for urinary bladder cancers.
by over 100% for non Hodgkuns lympho-
ma, muluple myveloma, and malignant mela-
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noma in both sexes; by 31% for female
breast cancer; by 92% for rests cancer; by
67% for prostate cancer; and by 63% for
colorectal and 142% for kidney cancers in
males (26, 28).

Apart from fundamental problems inher-

ent in Ames’s views on carcinogenesis and

his dismissal

of concemns about industrial

carcinogens as “chemophobia,” positions
editorially endorsed (29), his current views
and recommendations contrast strikingly

with those previously

and strenuously pro-

pounded (30).

Besides proper concerns about

naturally

occurring carcinogens and tobacco, prudent
policy must reflect overwhelming data on
incremental exposure to industrial carcino-
gens and their association with increasing
cancer rates, besides reproductive, neurotox-
ic, and other toxic effects (31). The existence
of natural hazards clearly does not absolve
industry and government from the responsi-
bility for conwolling industrial hazards.
From public health, cthical, and policy per-
spectives, the important distinction is not
between “natural” and “synthetic™ carcino-

gens, but berween

preventable and nonpre-

ventable cancers.
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Response: We agree with only the last two
sentences of the letter of Epstein e al.
Correcting each of their errors would re-
quire lengthy explanations and would dupli-
cate previous detailed analyses (1-3), so here
we cover only the main issues.

® Half the chemicals tested in animals are
carcinogens. Our exhaustive database of ani-
mal cancer tests listed 392 chemicals tested
in borh rats and mice at or near the maximum
tolerated dose ( MTD). Of these, 60% of the
synthetic chemicals and 45% of the narural
chemicals were carcinogens in at least onc
species (1). The finding that about half of
tested chemicals are positive in rodents has
been reported for many sets of data: we
cited among others the studics of the Na-
tional Toxicology Program (NTP). We con-
cluded that the proportion of chemicals
found ro be carcinogens is strikingly high.
Epstein er al. ignore our dara and citations
and cite the carly Innes e al. study 1o
support their conclusion that the proportion
of carcinogens is low. This misrepresents the
facts. The Innes tests (120 chemicals, not
150 as stated by Epstein er al, 11 positive)
used only one species and were much less
thorough than modemn tests: they therefore
werc less hkely to derect a carcinogenic cffect
(4).

The proportion of carcinogens is about as
hign tor narural chemicals as for industrial
chemicals. Therefore, our diet is likely to be
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very high in narural carcinogens, since more
than 99.99% of the pesticides we ingest are
“nature’s pesticides,” chemicals that plants
produce to defend themselves against in-
sects, fungi, and other pests (1, 2). These are
present in all plants and in enormous varic-
ty, and their concentration is commonly in
Parts per thousand (1, 2, 5) rather than the
parts per billion level of synthetic pesucide
residues or water pollution (I, 2). The
known natural carcinogens in mushrooms,
parslev, basil, parsnips, celery, figs, mustard,
pepper, fennel, and citrus oil are just a
beginning, since so few of “narure’s pesti-
cides” have ver been tested (5). Cooking
food produces carcinogens (I, 2) and so
does our normal metabolism (2, 6). A high
Proportion of the chemical elements tested
are carcinogens. Epstein ez a/. do not address
this problem. They do not acknowledge that
at the MTD abour one-third of all chemicals
tested are teratogens (1), half of all chemi-
cals are carcinogens, and many chemicals are
mutagens; and these categories are not com-
pletely overlapping. Even when one consid-
ers that some chemicals are selected for
testing because they are suspicious, thesc are
strikingly high proportions (1, 4).

® Extrapolating rodent cancer test vesults to
humans. The key issue, given the above
facts, is how to identify significant prevent-
able exposures to carcinogens (1, 7, 8). It is
reasonable to assume that if a chemical is 2
carcinogen in rats and mice it is likely tobe a
carcinogen in humans ar the same (MTD)
dose. However, until we understand more
about mechanisms, knowing the shape of
the dosc response in the dose range tested in
laboratory animals provides little scientific
basis for predicting the risk to humans at
low doses, often hundreds of thousands of
times below the dose at which an effect is
observed in rodents (9). Thus, quantitative
risk assessment is currently not scientifically
possible (1, 7-10).

Our HERP index uses the same toxico-
logical information from animal bioassays
that is generally used to estimare human
nisk, but is instead a relanive ranking of the
possible hazards of a varicry of natural and
svnthetic chemical exposures to humans. We
stated clearly that our HERD value should
not be used to assess risks, because we do
not know how to extrapolare to low doses.
The HERP scale may be a way of puring
possible hazards in perspective and of ser-
ung prioritics for epidemiological testing
and regulatorv policy. Our ranking uses the
same cnitenia for all exposures and indicates
that there is a large background of narural
and evervday ¢xposures that rank high in
possible hazard compared with cxposures to
pesticide residues or water ponutants. As we
indicated in our amicle, one cannot say
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whether such natural €xposures are likely to
be of major or minor importance in human
cancer. Our database of carcinogenic poren-
€y analvzes animal cancer tests and calculates
the TDy, essentially the dose of the carcino-
gen to give half of the animals cancer; the
TDy is close to the dose range tested in the
laboratory animal. Our HERD is the dose
(in milligrams per kilogram) to which hu-
fnans are exposed, as a percentage of the
TD’Q dose.

Epstein er al. have three erroneous objec-
tions to our comparisons.

1) They say our HERP values are overes-
timates for narural chemicals relative to syn-
thetic chemicals because (1) dose-response
curves flatten our at high doses and there-
fore lincar extrapolations underestimate
low-dose risks, and (ii) narural chemicals are
more thoroughly studied (at lower doses)
than are synthetic chemicals, Neither (i) nor
(i1) is true. As we discussed in our article,
there is no way to calculate 2 low-dose risk
from the two dose levels tested in an animal
bioassay. In addition, our analysis of the
animal dose-response curves indicated a bet-
ter fit with a quadratic model (upward
curving) than with a linear model, and that
flat dosc-n:sponsc curves (supralinear) are a
rarity. Synthetic chemicals are nor less well
studied than narural chemicals, as can be
scen from our published database: 80% of
the studies are on synthetic chemicals; most
of the studies referred to were Narional
Cancer Institute (NCI)-NTP tests done at
the MTD and at half the MTD; the few
chemicals tested ar a wider range of doses
are not biased toward natural chemicals,

2) Epstcin ez al. say we ignore the fact
that plants contain anticarcinogens. We do
discuss this fact (1, 2), and
support their argument that this affects our
comparisons: plant antioxidants, the major
known type of ingested anticarcinogens,
help to protect us against oxidant carcino-
gens whether synthetic or natural in origin,

3) Epstein ef al. say narural carcinogens
can be synergistic with other substances.
However, this is also true of synthetic chem-
icals, and it is also irrelevant to our argu-
ment that synthetic pesticide residucs in
food or water pollution appear to be a trivial
Increment over the background of narural
carcinogens.

= Cnrrmqqmr:is mechanisms and the dose-
response curve. We discussed the rapidly de-
veloping field of mechanisms in carcinogen-
csis because this understanding is essential
for rational risk assessment. Cell prolifera-
tion (promotion) and mutation are involved
In carcinogenesis, with a basal spontancous
rate for cach Step (6. 11, 12). Thus, increas.
ing either rate increases the chance of cancer.
In addition, several mutations appe<ar neces-

it does not-

sary, and we have many lavers of defense
against carcinogens. These considerations of
mechanism suggest a sublinear dose-re-
Sponsc relation, which is consistent with
both the animal and human dara (1). It also
suggests that multiplicative relationships
may be the norm in human cancer causation.
Administering chemicals in cancer tests ar
near-toxic doses (the MTD) commonly
causes cell proliferation (9). If a chemical is
nonmutagenic, but is carcinogenic because
of its toxicity, then it should have no effect at
low doses. This is a major point (1). Epstein
et al. raise two points concerning the above
that we find erroncous.

1) They say we should not call promotng
agents carcinogens. However, well-studied
Promoting agents have been shown to causc
cancer by themselves, as do those hormones
that cause cell proliferation (11). In fact, this
class of carcinogens may well include the
most important risk factors for human can-
cer (1,8, 11, 12).

2) Chrenic irritation as a risk factor for
cancer is not “a discredited theory,” bur is
supported by rodent and human evidence,
and by recent evidence on cancer mecha-
nisms indicating that cell-killing causes both
cell proliferation and a_mutagcenic burst of
oxygen radicals (7).

® Factors important in causing human can-
cer. The major risk factors of tobacco (30%
of U.S. cancer), dietary imbalances, hor-
moncs, and viruses appear to account for the
bulk of human cancer (1,3,7,8,11-13). In
our article we analvzed the evidence from
animal cancer tests that was relevant to some
of these risk factors and to occupanional
exposures and pollution.

Epstein er al. distort our discussion of the
role of dictary fat and calories in cancer
causation. Limiting calories in rats or mice
(compared with ad libirum consumption)
reproducibly extends life-span and decreases
spontancous tumor rates. Caloric intake is
likely to be a significant risk factor in human
cancer causaton (11, 14). Excess sarurared
fat consumption is a clear risk factor for
heart discase. Excess fat consumption is a
plausible, but nort proved, nisk factor in
several rvpes of human cancer, a view sup-
ported by extensive animal evidence (1, 3,
12-14). However, discmangh'ng the effect
of excess far from excess calories is difficult
in both rodents and humans (14).

Alcohol consumption is certainly the ma-
jor known chemical risk factor for birth
defects and is thought to account for 3% of
U.S. cancer (15). Epstein er al. discount the
importance of alcohol because it is synergis-
uc with smoking. They are inconsistent,
because they do not discount the effects of
radon, asbestos, or other occupational expo-
surcs that are also synergisuc with smoking.
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For example, they attribute deaths to asbes-
t0s (exaggerated), but do not mention that
the risk of lung cancer for asbestos workers
would be an order of magnirude less if
workers did not smoke. It is more reason-
able to apportion, rather than to dismiss,
these risks.,

Occupational exposures to chemicals and
possible hazards can be high, as we showed
in our article. But the SWecping statements
made by Epstein er al., without a discussion
of dose, do not clarify marers. In a scparate
analysis (16) we have ranked the portential
carcinogenic hazards to U.S. workers using
the PERP index (analogous to the HERD
index excepr that Occupational Safery and
Health Administration Permitred Exposure
Levels replace acrual exposures). The PERP
values differ by more than 100,000-fold.
For 12 substances, the permitted levels for
workers are greater than 10% of the rodent
TDsg values. Priority should be given to
reduction of the allowable worker €xposurcs
that appear most hazardous in the PERT
ranking.

Epstcin er al. misrepresent the conclusions
of the NRC-NAS committee report on pes-
ticides, which did not say there would be 1.5
million deaths from pesticide use: the report
did not predict deaths from pesticide use ar
all (17). Our article showed that the acrual
levels of synthetic pesticide residues caten in
the United States are tiny relative to the
background of narural pesticides in plants.
The end result of disproportionate concern
abour tiny traces of synthetic pesticide resi-
dues, such as ethylene dibromide (1 ), Is that
Plant breeders are breeding highly insect-
resistant plants: this may create other risks
(18).

Our conclusion thar water pollution did
not make toxicological sense as a significant
cause of cancer (or birth defects) because the
amounts involved were extremely  small
compared with the background levels, is not
contradicted by the epidemiological studics
cited by Epstein er al. It is almost always
bevond the power of cpidemiology to pro-
vide convincing evidence that clusters of
cancer or birth defects are due to pollution
or to chance, bias, or confounding variables
(7). Epsten et al. discuss Woburn, Massa-
chuserts, without mentioning severe criti-
cisms of the srudy they cite (19). Our analy-
s1s showed that the polluted water in Wo-
burn or in Silicon Valley was less of a
possible hazard than the chloroform in aver-
age LS. tap water, a minimal possible haz-
ard irself compared with the background.
Comparative toxicological analvses such as
ours can help cpidemiologists to set prior-
ities in their efforts and to disuinguish causal
correlanons trom the myvriad ot vhance cor-
rclanons. For example. the intake of bumt
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material from outdoor air pollution is so
uny compared with that from smoking (or
from cooking food) that it seems implausi-
ble as a major source of cancer, a view
consistent with the cepidemiology cited, and
indicates thar epidemiologists must rigor-
ously control for smoking (20).

® Cancer trends. In our article we dis-
cussed cancer trends only in passing, but
others have dealt with them in greater depth
than do Epstein ez al. (3, 21). Our statement
that cancer death rates were not increasing
except for those due to tobacco (mainly
lung) and ultravioler light (melanoma) was
based mainly on analyses by Doll and Peto
(3). Their analvsis did take into account
blacks and people over 65: Doll and Peto
also pointed out that although incidence
rates are of interest, they should not be raken
in isolation because of the substantial extent
to which trends in the recorded inaidence
rates are biased by improvements in the level
of registration and diagnosis, as appears to be
the case with breast cancer. Even if partcu-
lar tvpes of cancer will be shown 1o increase
or decrease (stomach, liver, and uterine can-
cer are dccrca.sing), establishing a causal
relation among the many changing aspects
of our lives remains difficul (3,7, 11-13).
There is no good evidence that there js any
general increase in cancer due 1o the modemn
industrial world (3).

Epstein er al. complain that one of wus
(B.N.A.) has modified his views in the last
decades. In the rapidly changing and diffi-
cult area of cancer cause and prevention, not
modifying one’s views to keep up with new
facts is a sure way to lose scientific credibiliry
(22).
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IENCE 244, 755-757 (May 19, 1989)

.

Pesticides, Riék, and Applc:;aucc

_The tremendous attention in the media to
the growth-regulator Alar raises important
issues about the nation’s cfforts ro prevent
* human cancer by regulating chemicals thar
- are carcinogenic in animal studies. Leslic
Roberts, in her Research News articles “Pes-
- ticides and kids™ (10 Mar., p. 1280) and “Is
risk assessment conservarive:” (24 Mar,, p.
1553), did nor address several points that
we think are important for putting possible
risks in perspective.

1) Pesticides, 99.99% all natural. Although
regulatory efforts are focused on identifying
and conrrolling svnthetic chemicals that are
estimated to pose a possible carcinogenic
risk to socicty greater than one in a million
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(such as Alar). we are ingesting abour
10,000 omes more natural than synthetic
pesticides (7). All plants produce toxins to
protect themselves against fungi, insecrs,
and predarors such as man (2, 3). Tens of
thousands of these narural pesticides have
been discovered, and every species of plant
contains its own set of different toxins,
usually a few dozen. When plants are
stressed or damaged, such as during a pest
arack, thev increase their narural pesticide
levels manyfold, occasionally to levels thar
are acutely toxic to humans (4). Very few of
these plant toxins have been tested in animal
cancer bioassavs, but among those rested,
abour half (20/42) are carcinogenic (4, 3).

It is probable that almost every plant
product in the supermarket contains natural
carcinogens. The following foods contain
natural pesticides that cause cancer in rats or
mice and are present at levels ranging from a
few parts per billion to 4 million parts per
billion (ppb) (3, 4): anise, apples, bananas,
basil, broccoli, Brussels sprouts, cabbage,
cantaloupe, carrots, cauliflower, celery, cin-
namon, cloves, cocoa, comfrey tea, fennel,
grapefruit juice, honeydew melon, horserad-
ish, kale, mushrooms, mustard, nutmeg, or-
ange juice, parsley, parsnips, peaches, black
pepper, pineapples, radishes, raspberries,
tarragon, and turnips. Of the pesticides we
cat, 99.99% are all narural, and, like man-
made pesticides, most are relatively new to
the modern dier because of the exchange of
plant foods among the Americas, Europe,
Asia, and Africa within the Jast 1000 years.
It is reassuring, however, that the many
layers of general defenses in humans and
other animals (1, 6, 7) protect against toxins,
withour distinguishing whether they are
synthetic or natural.

2) Trade-off. In response to fears about
residues of man-made pesticides, plant
breeders are active in developing varieties
that are naturally pest-resistant. Such varie-
ties conrain increased amounts of natural
pesticides. It should be no surprise, then,
that a newly introduced varicty of insect-
resistant potato had to be withdrawn from
the market, due to acute toxicity to humans

. caused by much higher levels of the terato-

gens solanine and chaconine than are nor-
mally present in potatoes (8). Similarly, a
new varicty of insect-resistant cclery recendy
inroduced widely in the United’ States is
causing outbreaks of dermatitis in produce
workers due to a concentration of the car-
cinogen  8-methoxypsoralen (and relared
psoralens) of 9000 ppb, rather than the
usual 900 ppb (9). Many more such cascs
are likely to crop up. Thus, there is a funda-
mental trade-off berween narure’s pesticides
and man-made pesticides. The Environmen-
tal Protection Agency (EPA) has strict regu-
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latory requirements for new svnthetic pesa-
cides and is steadily weeding out old sub-
stances such as Alar thar are thought to pose
a significant hazard; however, narural pesti-
cides are almost completely neglected. Naru-
ral pesticides that are possibly hazardous ro
humans could casily be decreased by plant
breeding.

Given the background of human expo-
sures to natural carcinogens (1-7), the find-
ing that about half the chemicals tested in
rodents (whether synthetic or natural) are
carcinogenic (1, 3), and the difficulties in
risk assessment (discussed below), we have
ranked possible hazards on 2 HERP index
(daily Human Exposure dose/Rodent Poten-
cv dose, as a percent) in order to achieve
some perspective on human exposure to the
plethora of carcinogens (1). Our ranking
suggests thar carcinogenic hazards from cur-
rent levels of pesticide residues or warer
pollution are likelv to be minimal relative o
the background levels of natural substances.

To put Alar in perspective, we estimate
that the possible hazard from UDMH (the
carcinogenic breakdown product of Alar) in
a daily lifetime glass (6 ounces) of apple
juice is HERP = 0.0017% (10). This possi-
ble hazard is less than that from the narural
carcinogenic hydrazines consumed in one
daily mushroom (HERP = 0.1%) (1) or
that from aflatoxin in a daily peanut burrer
sandwich (HERP = 0.03%) (1). It is also
less than other possible hazards from natural
carcinogens in food, although few have
been tested. These include 8-methoxypsora-
len in a daily portion (100 grams) of celery
(3, 11), allyl isothiocyanate in a daily portion
of cabbage or Brussels sprouts (3, 12), and
alcohol in a daily glass of orange juice (13).
The possible hazard of UDMH in a daily
apple is 1/10 that of a daily glass of apple
juice. Other HERP comparisons are shown
in (7). Apple juice has been reported to
contain 137 natural volarile chemicals (14),
of which onlv five have been tested for
carcinogenicity (3); three of these—benzyl
acetate, alcohol, and acetaldehyde—have
been found to be carcinogenic.

The EPA has proposed cancellation hear-
ings on Alar, and the Narural Resources
Defense Council (NRDC) is trying to speed
this process up by a vear or two. The trade--
offs must be considered in efforts to prevent
hypothetical carcinogenic risks of 107 or
1073, because the results could be counter-
productive if the risks of the alternatives are
worse. What risks might we incur by ban-
ning Alar? Alar is a growth regulator that
delays ripening of apples so that they do not
drop prematurely, and it also delays over-
ripening in storage. Alar plays a role in
reducing pesticide use for some types of
apples, particularly in the Northeast (15).



For example, without Alar, the danger of
fruit fall from leafminers is greater, and
more pesticides are required to control
them. Also, when apples fall prematurely,
pests on the apples remain in the orchard to
arrack the crop the next summer, and more
pesticides must be used. Since Alar produces
firmer apples, and results in fewer falling to
the ground, treated fruit may be less suscep-

_tible to molds. Therefore, it is possible that
the amounts and variety of mold roxins
present in apple juice, for example, patulin
(16), will be higher in juice made from
untreated apples. The carcinogenicity of pa-
tulin has not been adequatcly examined
(17). The EPA should, as NRDC empha-
sizes, also take into consideration that chil-
dren consume large amounts of apple juice.
Another trade-off is that fewer domestically
grown, fresh apples would be available
throughout the vear, and the price would be
higher; thus, consumers might substitute
less healthy foods.

3) Risk assessment. Currently, neither the-
ory nor experimental evidence is adequate to
guidc scientists in extrapolating from rodent
cancer tests at the maximum tolerated dose
(MTD) to human exposures that are thou-
sands or millions of tmes lower. Therefore,
for prudence’s sake, federal regulatory agen-
cics routinely make worst-case assumptions
to estimate the upper limit on risk for low
doses; however, the real risks at low doses
may well be zero. Conventional risk assess-
ments at the low levels of human exposure
thus are really quite speculative (1) and

- should not be viewed as if they were real
risks. Accumulating scientific evidence (1, 6,
7, 18) suggests that chemicals administered
in animal cancer tests at the MTD are caus-
ing cancer in quicscent tissues primarily by
increasing cell proliferation, an essential as-
peet of carcinogenesis for both mutagens
and nonmutagens. Because endogenous
rates of DNA damage are enormous (6), cell

prolifcration alone is likely to be tumorigen-

ic. Cell proliferation converts DNA adducts
(cither spontancous or exogenous) to muta-
tions or to cpimutations (such as loss of 5-
methylC) and exposes single-stranded
DNA, a much more sensitive target for
mutagens. It also allows mutant cells to
cscape from growth inhibition signals com-
ing from surrounding cells (1, 6, 7).

If animal cancer tests arc primarily mea-
suring cell proliferation, then the dose-re-
sponse curve should fall off sharply with
dose, even for mutagens [as with dicthvlni-
trosamine (18)] and should have a threshold
for nonmutagens. Thus, the hazards at low
doscs could be minimal. Furthermore, hu-
mans have numcrous inducible defense sys-
tems against muragenic carcinogens, such as
DNA repair, antioxidant defenses, glutathi-
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onc mansferases, and so forth, which may
make low doses of mutagens protectve in
some circumstances. Even radiation—the
classical DNA-damaging agent and carcino-
gen—may be protectve in small doses
against DNA damage at higher doses, as
shown by recent work in human cells (19).
Also, recent radiation experiments in mice
show a dose threshold for the latency of
wumor appearance (20). Thus, low doscs of
carcinogens appear to be both much more
common and less hazardous than is general-
ly though. These scientific questions about
mechanisms of carcinogenesis and the pre-
venable causes of human cancer, in any
@sc, are being resolved by the scientific
community as quickly as resources allow.
Regulaton of low-dose exposures to
chemicals based on animal cancer tests may
not result in significant reduction of human
cancer, because we are exposed to millions
of different chemicals—almost all narural—
and it is not feasible to test all of them. Most
exposurcs, with the exception of some occu-
pational, medical, or natural pesticide expo-
sures, arc at low doses. The selection of
chemicals to test, a critical issue, should
reflect human exposures that are at high
doses relative to their toxic doses and the

‘numbers of people exposed. Epidemiology

has been reasonably successful in idenrifving
risk factors for human cancer, such as smok-
ing, hormonal and dietary imbalances, as-
bestos, and several occupational chemicals;
the data suggest that pesticide residues are
unlikely to be a significant risk factor (6, 21).
Epidemiology, with molecular approaches,
is becoming more sophisticated and will
continue to be our main tool in analyzing
causes of cancer. In order to minimize can-
cer and the other degenerative diseases of
aging [which are associated with our con-
stantly increasing life expectancy (6, 7)), we
need to obrain the knowledge that will come
from further basic scientific rescarch.
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